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Abstract 

A  modelling  study  of  hippocampal  pyramidal  neurons  is  described.  This  study  is  based 
on  simulations  using  HIPPO,  a  program  which  simulates  the  somatic  electrical  activity  of 
these  cells.  HIPPO  is  based  on  a)  descriptions  of  eleven  non-linear  conductances  that  have 
been  either  reported  for  this  class  of  cell  in  the  literature  or  postulated  in  the  present  study, 
and  b)  an  approximation  of  the  electrotonic  structure  of  the  cell  that  is  derived  in  this 
thesis,  based  on  data  for  the  linear  properties  of  these  cells.  HIPPO  is  used  a)  to  integrate 
empirical  data  from  a  variety  of  sources  on  the  electrical  characteristics  of  this  type  of 
cell,  b)  to  investigate  the  functional  significance  of  the  various  elements  that  underly  the 
electrical  behavior,  and  c)  to  provide  a  tool  for  the  electrophysiologist  to  supplement  direct 
observation  of  these  cells  and  provide  a  method  of  testing  speculations  regarding  parameters 
that  are  not  accessible. 
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Abstract 


X 

A  modelling  study  of  hippocampal  pyramidal  neurons  is  described.  This 
study  is  based  on  simulations  using  HIPPO,  a  program  which  simulates  the 
somatic  electrical  activity  of  these  cells.  HIPPO  is  based  on  a)  descriptions 
of  eleven  non-linear  conductances  that  have  been  either  reported  for  this 
class  of  cell  in  the  literature  or  postulated  in  the  present  study,  and  b)  an 
approximation  of  the  electrotonic  structure  of  the  cell  that  is  derived  in  this 
thesis,  based  on  data  for  the  linear  properties  of  these  cells. 

HIPPO  is  used  a)  to  integrate  empirical  data  from  a  variety  of  sources 
on  the  electrical  characteristics  of  this  type  of  cell,  b)  to  investigate  the 
functional  significance  of  the  various  elements  that  underly  the  electrical 
behavior,  and  c)  to  provide  a  tool  for  the  electrophysiologist  to  supplement 
direct  observation  of  these  cells  and  provide  a  method  of  testing  speculations 


regarding  parameters  that  are  not  accessible. 
The  novel  results  of  this  thesis  include: 


•  Simulation  of  a  wide  range  of  electrical  behavior  of  hippocampal  pyra¬ 
midal  cells  by  using  descriptions  of  ionic  conductances  (channels)  whose 
kinetic  properties  are  developed  from  both  limited  voltage-damp  and 
current-clamp  data  and  from  the  theory  of  single-barrier  gating  mech¬ 
anisms.  This  result  suggests  that  the  single-barrier  gating  mechanism 
of  the  Hodgkin- Huxley  model  for  ionic  channels  is  empirically  valid  for 
a  wide  variety  of  currents  in  excitable  cells. 

•  An  estimation  of  the  linear  parameters  of  hippocampal  pyramidal  cells 
that  suggest  that  the  membrane  resistivity,  and  thus  the  membrane 
time  constant,  is  non-homogeneous. 

•  An  estimation  of  dendritic  membrane  resistivity  (Am)  and  cytoplas¬ 
mic  resistivity  ( R, )  that  is  higher  than  generally  considered,  and  the 
conclusion  that  the  cell  is  more  electrically  compact  than  previously 
thought.  This  compactness  implies  that  distal  and  proximal  dendritic 
input  have  similar  efficacies  in  generating  a  somatic  response. 

•  A  method  for  estimating  the  dimensions  of  the  equivalent  cable  ap¬ 
proximation  to  the  dendritic  tree  based  solely  on  histological  data. 


•  Descriptions  of  three  putative  Na+  currents  ( Isa-trig ,  iNa-rep,  and 
iNa-taii )  that  quantitatively  reproduce  the  behavior  generally  ascribed 
to  Na+  currents  in  hippocampal  pyramidal  cells. 

•  Descriptions  of  two  Ca2+  currents  ( Ica  and  leas)  and  a  system  for 
regulating  Ca2+  inside  the  cell  that  qualitatively  reproduces  the  data 
for  Ca2+ -only  behavior  in  hippocampal  pyramidal  cells. 

•  Descriptions  of  six  I{+  currents  (a  delayed  rectifier  K+  current  -  I  dr-, 
a  transient  K+  current  -  I  a,  &  Co2+-mediated  K+  current  -  Ic,  a 
Ca2+ -mediated  slow  K+  current  -  Iahp ,  a  muscarinic  K+  current  - 
Im,  and  an  anomalous  rectifier  K+  current  -  Iq)  that  are  consistent 
with  the  available  data  on  these  currents  and  that  reproduce  either 
quantitatively  or  qualitatively  the  behavior  associated  to  each  current 
during  the  electrical  response  of  hippocampal  pyramidal  cells. 

•  Simulations  demonstrating  possible  computational  and/or  pathologic 
roles  for  the  model  currents. 

•  The  design  of  an  interactive  program  that  simulates  hippocampal  pyra¬ 
midal  cells  with  a  variety  of  models  of  electrotonic  structure  and  the 
inclusion  of  Hodgkin-Huxley-like  non-linear  conductances  at  various 
points  in  the  cell. 
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Chapter  1 

INTRODUCTION 


1.1  Modelling  Neurons  of  the  Central  Nervous 
System 

Understanding  the  brain  is  a  multi-level  task,  incorporating  perspectives 
from  molecular  biology  to  cognitive  science  and  psychology.  At  some  point  in 
this  hierarchy  the  single  cell  is  encountered,  and  the  view  that  all  information 
processing  in  the  brain  derives  from  mechanisms  on  this  level  is  generally 
accepted;  i.e.  it  is  correct  to  speak  of  a  neuron  processing  signals,  rather 
than  the  neuropil  being  the  basic  functional  unit  for  computation. 

The  actual  role  of  individual  neurons  in  information  processing  is  open 
to  speculation.  In  some  systems  good  arguments  have  been  advanced  in 
support  of  the  handling  of  certain  tasks  by  specific  cells.  In  most  structures 
in  the  central  nervous  system  (CNS),  however,  the  role  of  the  single  cell 
is  not  well  defined.  Typically,  descriptions  of  information  processing  in  the 
CNS  refer  to  anatomical  structures  consisting  of  (at  least)  thousands  of  cells, 
and  fail  to  assign  roles  to  single  cells. 

Thus,  an  investigation  into  information  processing  on  the  level  of  the 
single  neuron  is  important.  Over  the  past  decade  quantitative  data  on  CNS 
neurons  has  grown  considerably,  and  interpretation  of  this  data  is  now  ap¬ 
propriate  in  order  to  establish  the  role  of  the  neuron  as  it  receives  the  multi¬ 
tudinous  signals  from  the  neural  mesh.  Utilization  of  systematic  models  is  a 
method  of  addressing  this  problem.  One  of  the  models  that  is  an  appropriate 
vehicle  for  this  task  is  named  HIPPO 
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1.2  The  HIPPO  Model  of  Hippocampal  Pyrami¬ 
dal  Cells 

This  thesis  describes  the  development  and  application  of  the  computer  model, 
HIPPO.  This  model  simulates  the  somatic  electrical  behavior  of  a  stereo¬ 
typical  cortical  integrating  neuron,  the  mammalian  hippocampal  pyramidal 
cell  (HPC).  The  development  of  HIPPO  includes  an  estimation  of  the  elec¬ 
trical  structure  for  this  cell,  development  of  the  numerical  technique  used  in 
the  model  algorithm,  integration  of  electrophysiological  data  into  the  model 
(particularly  that  describing  the  non-linear  conductances  reported  for  the 
HPC),  and  implementation  of  the  model  on  a  Symbolics  3600  LISP  machine. 
The  application  of  HIPPO  includes  an  integration  of  sparse  and  conflicting 
data  obtained  from  a  variety  of  electrophysiological  protocols.  Applying 
HIPPO  includes  also  testing  of  speculations  regarding  characteristics  not 
accessible  to  in  vivo  or  in  vitro  measurement. 

As  set  forth  this  report,  modelling  a  non-linear  system  as  complex  as 
the  hippocampal  pyramidal  cell  is  problematic  at  best.  The  situation  is 
complicated  by  both  the  numerous  interdependencies  of  the  mechanisms 
underlying  electrical  behavior  in  these  neurons1,  and  by  the  approximations 
and  assumptions  (e.g.  the  Hodgkin- Huxley  model,  ref.  Chapter  4)  that  are 
required  due  to  the  present  state  of  the  data. 

In  light  of  these  difficulties,  this  model  is  presented  with  the  understand¬ 
ing  that  many  of  the  putative  mechanisms  described  could  easily  be  incorrect 
in  their  details,  but  given  the  constraints  imposed  on  the  development  of  the 
model  parameters  (as  defined  throughout  this  Thesis),  these  descriptions  are 
reasonable  in  that  they  are  based  on  first  principles  and  that  they  generate 
the  desired  behavior.  At  best,  the  descriptions  will  in  some  way  reflect  what 
is  actually  going  on  in  these  cells;  at  worst,  the  descriptions  and  the  result¬ 
ing  behavior  of  the  model  will  generate  testable  predictions  and  suggestions 
for  postulating  more  accurate  mechanisms. 

1In  fact,  these  interdependencies  provide  important  and  implicit  constraints  on  the 
derivation  of  parameters,  which  in  turn  causes  the  selection  of  parameters  to  be  less 
arbitrary  than  otherwise  would  be  the  case.  These  constraints  are  manifest  in  the  cross¬ 
checking  of  overall  model  behavior,  required  whenever  a  subset  of  the  model  parameters 
is  altered.  This  point  will  be  reiterated  several  times  in  later  chapters  when  strategies  for 
developing  various  elements  are  reviewed. 
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1.3  Organization  of  Thesis 

In  this  chapter  Sections  1.4  through  1.7  will  introduce  the  hippocampal 
pyramidal  neuron  and  describe  the  motivations  for  modelling  this  cell.  Some 
comments  on  the  applied  aspects  of  the  program  are  also  presented. 

Chapter  2  contains  a  discussion  of  the  strategy  used  herein  in  develop¬ 
ing  HIPPO  and  the  basic  structure  of  the  model,  outlining  the  geometry 
of  the  model  and  the  type  of  circuit  that  it  simulates.  The  development  of 
HIPPO  involves  careful  examination  of  the  literature  on  hippocampal  cells 
(and  other  neurons,  as  required)  in  conjunction  with  consultation  with  elec¬ 
trophysiologists.  The  techniques  used  by  the  electrophysiologist  to  measure 
the  various  components  of  the  electrical  behavior  of  a  neuron  are  reviewed 
since  these  techniques  guide  the  construction  of  the  model  from  available 
data  and  the  evaluation  of  any  inconsistencies  in  that  data.  This  chapter 
closes  with  a  brief  discussion  of  the  network  elements,  in  particular  the  elec¬ 
trochemical  potentials  that  drive  the  electrical  excitability  of  these  neurons. 

Chapter  3  covers  the  evaluation  of  the  linear  characteristics  of  the  HPC. 
This  analysis  forms  a  basis  for  building  the  model  of  the  pyramidal  neuron, 
particularly  since  many  of  the  non-linear  parameters  must  be  estimated  from 
incomplete  data.  Estimating  the  characteristics  of  non-linearities  in  the  cell 
is  fruitless  without  a  solid  linear  description  to  build  on.  Several  approaches 
to  this  problem  ,  as  well  as  a  critical  review  of  the  published  data  on  the 
linear  structure  of  the  HPC,  are  presented.  Finally,  the  linear  parameters 
used  for  the  present  version  of  HIPPO  are  discussed. 

The  non-linear  conductances  in  the  model  are  all  based  on  some  varia¬ 
tion  of  the  classic  Hodgkin  and  Huxley  model  ([21],  [20],  [22],  [23])  of  the 
Na+  and  K+  conductances  in  the  squid  axon.  This  approach  represents  a 
major  assumption  in  the  HIPPO  model,  particularly  since  many  of  the  non¬ 
linear  conductances  in  HPC  have  not  been  conclusively  demonstrated  as 
being  Hodgkin-Huxley-like  conductances.  However,  in  light  of  the  paucity 
of  data  for  these  cells,  this  approach  is  a  reasonable  one,  and  in  fact  has 
been  successful  in  reproducing  many  qualitative  and  quantitative  aspects  of 
HPC  electrical  behavior.  Since  the  Hodgkin-Huxley  model  is  of  such  basic 
importance  to  the  HIPPO  description,  this  model  and  the  application  of 
this  model  to  putative  HPC  conductances  are  described  in  Chapter  4.  In 
addition,  the  implications  of  the  single-barrier  gating  interpretation  of  the 
Hodgkin-Huxley  model  are  discussed  in  detail. 

In  the  next  three  chapters  the  development  of  descriptions  of  the  various 
non-linear  currents  is  described,  along  with  the  simulated  behavior  of  these 
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currents.  In  these  chapters  the  behavior  of  the  model  is  compared  typi¬ 
cally  with  data  from  cells  obtained  under  conditions  similar  to  those  being 
simulated. 

In  Chapter  5,  the  three  proposed  Ara+  currents,  Isa-trig,  -T/Va-rep,  and 
iNa-taii ,  are  presented  and  the  HIPPO  simulation  of  Na+-o nly  HPC  behav¬ 
ior  is  shown. 

In  Chapter  6,  the  HIPPO  description  of  the  two  Ca2+  cu/rents,  Ica  and 
IcaSi  are  presented  with  simulations  of  Ca2+ -only  HPC  behavior,  as  well  as 
the  HIPPO  description  of  the  dynamics  of  intracellular  Ca2+  and  the  factors 
that  determine  the  concentration  of  C'a2+  underneath  the  cell  membrane. 
This  latter  component  is  important  since  two  K+  currents  (Ic  and  Iahp) 
are  presumably  mediated  by  the  concentration  of  intracellular  Ca2+,  and 
the  magnitude  of  [Ca2+j,/ie/u  (ref.  Chapter  6)  can  significantly  change  the 
reversal  potential  for  Ca2+  (  Eca)- 

In  Chapter  7  the  six  K+  currents  in  the  model  are  presented.  These 
currents,  Iqr,  I  a,  Ic ,  Iahp,  Im ,  and  Iq,  display  a  wide  range  of  activa¬ 
tion/inactivation  characteristics  and  thus  modulate  the  HPC  response  in 
many  different  ways.  The  parameters  used  in  the  model  for  these  currents 
are  presented  here,  as  well  as  various  simulations  demonstrating  their  be¬ 
havior. 

In  Chapter  8  and  Chapter  9  6ome  selected  simulations  are  presented  of 
voltage  clamp  protocols  and  current  clamp  protocols,  respectively.  These 
simulations  augment  the  ones  that  are  presented  in  earlier  chapters,  and 
demonstrate  the  overall  behavior  of  the  model  and  how  the  model  reproduces 
various  data  taken  from  cells.  In  contrast  to  the  results  presented  in  earlier 
chapters,  the  simulations  discussed  here  represent  speculative  behavior  of 
the  HPC,  given  the  HIPPO  description  of  its  electrical  characteristics. 

In  Chapter  10  implications  of  the  results  obtained  by  the  model  are 
discussed,  and  the  validity  of  both  these  results  and  the  approach  used  in 
constructing  HIPPO.  Guidelines  are  also  proposed  regarding  the  application 
of  HIPPO.  In  the  final  chapter,  Chapter  11,  some  of  the  future  applications 
of  HIPPO  are  presented. 

In  Appendix  A  a  sample  simulation  session  is  described,  showing  the 
interactive  nature  of  the  menu-driven  HIPPO  and  the  presentation  of  simu¬ 
lation  results.  Appendix  B  contains  a  description  of  the  predictor-corrector 
algorithm  used  by  HIPPO  to  solve  the  network  equations.  In  Appendix  C 
the  structure  of  the  HIPPO  code  will  be  described.  Appendix  D  contains 
the  software  listing  for  HIPPO. 
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1.4  Hippocampal  Pyramidal  Neurons  As  A  Stereo 
typical  Cortical  Integrating  Neuron 

The  hippocampus  is  a  part  of  the  cerebral  cortex.  This  structure  carries 
and  (presumably)  processes  signals  projecting  to  and  leaving  from  various 
regions  of  the  neocortex.  The  hippocampus  forms  along  the  free  medial  edge 
of  the  temporal  lobe  of  each  cerebral  hemisphere,  extending  from  the  several 
layers  of  neocortex,  forming  its  characteristic  spiral,  which  in  turn  consists 
of  a  single  layer  of  pyramidal  cells.  Historically,  the  striking  anatomy  and 
connectivity  of  the  hippocampus  has  made  it  one  of  the  more  studied  areas  of 
cortex.  Although  the  classical  role  of  the  hippocampus  as  a  major  player  in 
the  so-called  “limbic  system”  is  now  being  re-evaluated,  there  is  substantial 
evidence  of  various  functional  roles  of  this  structure,  including  a  putative 
role  in  mediating  long-term  memory. 

The  pyramidal  neuron  is  the  basic  efferent  cell  of  the  cerebral  cortex, 
integrating  aiferents  from  both  intracortical  and  extracortical  structures. 
The  connectivity  of  a  single  pyramidal  cell  is  typically  very  large,  with  hun¬ 
dreds  to  thousands  of  afferent  connections.  This  input  tends  to  be  quite 
segregated,  with  distinct  tracts  originating  from  various  structures  making 
synapses  with  specific  regions  of  the  pyramidal  cell’s  extensive  dendritic  tree. 
The  pyramidal  cell,  as  one  of  the  major  cell  types  in  the  cortex,  is  an  impor¬ 
tant  determinant  of  cortical  function  on  the  cellular  level.  The  hippocampal 
pyramidal  cell  is  representative  of  this  class  of  neurons,  and  for  these  reasons 
and  those  set  forth  below,  it  is  a  cell  of  choice  for  investigations  of  central 
neuron  characteristics. 

The  large  body  of  knowledge  for  the  hippocampus  has  been  enhanced  in 
recent  years  by  the  brain  slice  technique  used  for  obtaining  stable  in  vitro 
electrophysiological  measurements  with  various  micro-electrode  techniques. 
In  the  slice  technique,  approximately  500  pm  thick  transverse  slices  of  freshly 
excised  hippocampus  (typically  rat  or  guinea  pig)  are  maintained  for  sev¬ 
eral  hours  in  small  chambers  filled  with  an  appropriate  oxygenated  solution. 
Once  set  up  in  this  manner,  intracellular  recordings  from  microelectrodes  can 
be  obtained  for  several  hours.  A  related  technique,  which  also  has  been  de¬ 
veloped  recently,  is  the  combination  of  patch  damp  recording  methods  with 
pyramidal  cells  cultured  from  embryonic  neurons.  This  technique,  while 
clearly  moving  one  more  step  away  from  the  physiological  environment,  al¬ 
lows  for  higher  quality  measurements  due  to  the  improved  electrical  n&d 
mechanical  characteristics  of  the  patch  electrode  over  the  micro-electrode. 
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The  hippocampal  pyramidal  cell  has  therefore  been  chosen  as  the  target 
cell  for  the  present  study.  To  build  this  model,  an  attempt  was  made  to 
evaluate  a  large  sample  of  the  literature,  which  is  quite  extensive.  As  an 
initial  modelling  study,  this  effort  was  successful  in  quantifying  much  of  the 
behavior  of  this  representative  cell  in  the  CNS,  and  in  establishing  the  basic 
aspects  of  somatic  HPC  function.  These  results  may  be  extended  to  other 
cells  in  the  CNS,  especially  when  more  data  on  these  cells  becomes  available. 

1.5  Application  of  HIPPO 

An  important  aspect  for  the  application  of  the  HIPPO  model  as  a  research 
tool  is  its  flexibility.  The  structure  of  HIPPO  allows  straightforward  testing 
of  the  sensitivity  of  the  model  to  changes  in  various  parameters.  In  particu¬ 
lar,  estimating  a  parameter  which  is  based  on  low-confldence  experimental 
data  can  require  testing  of  values  over  a  wide  range.  One  cost  of  this  flexibil¬ 
ity  is  in  the  execution  time  of  a  given  simulation  protocol.  For  this  reason, 
versions  of  HIPPO  were  developed  which  had  a  relatively  fixed  structure 
and  simulation  protocol  but  executed  considerably  faster.  In  some  cases 
the  use  of  these  quick  “customized”  HIPPOs  was  effective  in  developing  an 
intuitive  sense  of  the  behavior  of  the  model,  and  presumably  that  of  the 
cell.  For  example,  voltage-clamp  simulations  of  isopotential  structures  in¬ 
volve  considerably  less  computation  than  that  of  voltage-clamp  simulations 
of  non-isopotential  structures  or  current-clamp  simulations  in  general.  Yet, 
to  a  first  approximation,  much  of  the  data  in  the  literature  can  be  effectively 
simulated  with  the  simplified  voltage-clamp  protocol.  Once  initial  estimates 
of  simulation  parameters  have  been  tested  on  the  simplified  HIPPO,  then 
the  more  general  HIPPO  can  be  used  to  examine  more  realistic  structures. 


1.6  The  User  Interface 

A  substantial  effort  was  invested  in  the  user  interface  of  HIPPO.  Input  to  the 
model  is  done  via  a  menu  hierarchy  (ref.  Appendix  A)  that  allows  efficient 
manipulation  of  relevant  parameters  and  a  subsequently  rapid  set-up  for  a 
given  simulation.  A  limited  degree  of  automated  simulation  execution  is  also 
provided.  Output  of  HIPPO  is  both  graphical  and  numerical.  Manipulation 
of  the  output  is  straightforward  and  non-displayed  parameters  axe  easily 
accessible.  The  user  interface  design  has  a  net  result  of  being  able  to  use 
HIPPO  in  an  interactive,  self-documenting  fashion. 
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1.7  Previous  Work 


Much  of  the  program  design  philosophy  and  the  approaches  used  in  esti¬ 
mating  model  parameters  were  inspired  by  an  earlier  model  constructed  by 
Prof.  Christof  Koch  and  Prof.  Paul  Adams  for  the  bullfrog  sympathetic 
ganglion  cell  [2]. 
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Chapter  2 

MODELLING  STRATEGY 
AND  THE  ELEMENTS  OF 
HIPPO 


2.1  Introduction 

The  goal  of  the  HIPPO  model  is  to  give  a  reasonable  description  of  a  non¬ 
linear  time-varying  multi-variable  system.  To  achieve  this,  development  of 
the  model  was  accomplished  in  stages  of  increasing  complexity  along  sev¬ 
eral  degrees  of  freedom,  including  the  geometry  of  the  model  cell  and  its 
non-linear,  time- varying  properties.  Since  many  of  the  network  components 
are  non-linear,  superposition  does  not  hold  in  general.  The  resulting  inter¬ 
dependence  of  the  parameters  was  a  considerable  problem  in  constructing 
a  valid  description,  especially  since  any  change  in  a  single  parameter  often 
meant  that  much  of  the  model  behavior  had  to  be  checked.  Careful  evalu¬ 
ation  of  experimental  results  was  essential  in  order  to  prevent  generation  of 
false-positive  solutions.  This  chapter  will  discuss  the  general  development 
of  the  model,  the  structure  of  the  modelled  system  and  its  elements. 


2.2  Determining  the  Validity  of  the  Model  Re¬ 
sults 

A  key  consideration  in  the  interpretation  of  the  HIPPO  results  is  in  deter¬ 
mining  the  validity  of  a  given  version  of  the  model.  There  is  no  clear-cut 
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unique  solution  set  for  the  model  parameters.  For  example,  many  (non- 
physiological)  descriptions  of  the  kinetics  will  yield  reasonable  behavior. 

The  basic  approach  considers  an  evaluation  of  a 5  many  parameters  as 
possible  under  orthogonal  or  nearly  orthogonal  simulation  protocols,  mim¬ 
icking  the  electrophysiologist’s  technique.  Particular  attention  is  paid  to 
when  experimental  results  reflect  the  overlapping  of  several  kinetic  mecha¬ 
nisms,  particularly  when  superposition  does  not  hold  (when  superposition 
does  hold,  then  it  may  be  exploited  to  extract  the  relevant  parameters  from 
the  total  response).  Whenever  several  non-linear  elements  contribute  to  the 
model  response  the  model  is  used  iteratively  to  test  different  hypotheses  for 
the  parameters  in  question. 

Most  of  the  HPC  currents  are  present  over  a  limited  range  of  membrane 
voltages.  In  the  simplest  case,  involving  a  determination  of  the  kinetics 
of  a  system  with  two  currents  XI  and  X2 ,  when  the  activation  ranges  for 
XI  and  X2  are  non-overlapping,  then  the  voltage  clamp  protocol  will  have 
no  problem  quantifying  each  current.  In  practice,  however,  there  are  few 
currents  that  experience  an  exclusive  range  of  activation,  and  therefore  the 
situation  is  more  complicated  1 . 

While  more  than  one  current  may  be  activated  at  a  given  voltage  range, 
different  components  may  be  distinguished  if  they  have  significantly  different 
time  courses.  For  example,  I  a  and  I  dr  are  activated  over  the  same  range. 
Since  I  a  activates  and  inactivates  much  faster  than  I  dr  over  part  of  this 
range,  however,  the  two  currents  can  be  distinguished  by  their  distinct  time 
courses  in  voltage  clamp  protocols  (Segal  and  Barker,  1980). 

Another  technique  to  separate  different  currents  is  to  exploit  the  phar- 
mocological  sensitivity  of  some  currents.  For  example,  Na+  currents  are 
generally  believed  to  be  blocked  by  the  puffer  fish  toxin,  tetradotoxin  (TTX), 
and  that  channels  for  other  ions  are  largely  unaffected  by  TTX.  Thus,  in 
voltage  clamp  preparations  TTX  is  commonly  used  to  unmask  currents  that 
might  otherwise  be  swamped  by  larger  Aa+  currents,  with  similar  kinet¬ 
ics.  Other  examples  of  selective  blocking  of  currents  include  the  use  of 
tetra-ethylammonium  (TEA)  to  block  some  potassium  currents  (e.g.  I  dr), 
4-aminopyridine  (4-AP)  to  block  Ia,  and  various  Ca2+  blockers  (e.g.  Mn+) 
or  Ca2+  -chelators  to  inhibit  Ca?+  currents  ,  and  calcium-mediated  currents 
( Ic  and  Iahp)  (ref.  Table  7.1). 

‘The  main  exception  is  Iq,  which  is  the  only  current  activated  at  fairly  hyperpolarized 
potentials  (Chapter  7).  The  leak  current  is  superimposed  on  the  Q  current,  but  that  may 
be  readily  distinguished  from  the  Iq. 
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5  TIMUL  US  IN  TER-SEGMEN  T  RESIS  TORS 


Figure  2.1:  Typical  geometry  of  liIPPO  compartmental  model  simulation, 
including  soma  sphere  joined  in  series  to  several  dendritic  cylindrical  seg¬ 
ments  and  current  injection  into  soiua.  Each  compartment  is  isopotential. 
One  of  the  outputs  of  the  simulation  is  the  time  course  of  each  compartment 
voltage. 


2.3  Geometry  Of  Model 

HIPPO  simulates  hippocampal  pyramidal  neurons  with  a  compartmental 
model  that  incorporates  several  isopotential  compartments  connected  to¬ 
gether  with  resistors.  The  simplest  morphology  is  a  single  compartmental, 
isopotential  spherical  model  of  the  entire  cell,  i.e.  no  dendritic  structure  or 
axonal  process.  This  structure  can  be  extended  with  the  addition  of  as  many 
as  five  processes,  which  can  be  configured  as  four  dendrites  and  one  single 
compartment  axon.  Four  of  the  processes  are  represented  by  an  arbitrary 
number  of  lumped  cylindrical  segments,  with  each  segment  having  its  own 
set  of  linear  and  non-linear  electrical  parameters.  The  fifth  process,  when 
included,  is  represented  by  a  single  isopotential  cylindrical  compartment. 
Most  simulations  were  run  with  a  single  dendrite  and  no  axon,  as  illustrated 
in  Figure  2.1. 

The  physical  and  electrical  parameters  for  each  of  the  compartments  - 
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soma  sphere  and  process  cylinders  -  can  be  set  uniquely  for  each  compart¬ 
ment.  For  example,  the  soma  can  be  set  up  with  at  most  eleven  non-linear 
currents,  a  particular  membrane  resistivity  and  capacitance,  and  a  particu¬ 
lar  radius.  A  single  dendrite  might  be  added  with  ten  segments,  with  eight 
configured  as  linear  cables  using  the  same  linear  parameters  but  distinct 
dimensions.  The  remaining  two  segments  could  have  two  non-linear  con¬ 
ductances  in  addition  to  their  linear  properties,  and  one  of  the  all-linear 
segments  could  have  a  synapse.  In  the  present  report  only  the  linear  den¬ 
drite  case  will  be  examined.  In  Chapter  3  a  detailed  analysis  and  subsequent 
method  for  approximating  the  hippocampal  pyramidal  cell  geometry  will  be 
presented. 

2.4  HIPPO  Solves  A  Non-Linear,  Time- Varying 
Electrical  Network 

In  this  modelling  study  the  HPC  is  analyzed  as  an  electrical  circuit.  In¬ 
puts  to  this  circuit  include  stimuli  provided  by  intracellular  electrodes  or 
by  synaptic-like  conductance  changes,  and  circuit  outputs  include  voltages 
at  various  parts  of  the  cell,  specific  membrane  currents,  the  concentration 
of  Ca2+  in  different  compartments  related  to  the  circuit,  and  various  state 
variables  associated  with  the  non-linear  conductances.  In  a  general  sense, 
HIPPO  is  a  program  for  simulating  a  particular  class  of  electrical  networks. 
HIPPO  is  configured  to  handle  a  limited  set  of  topologies  with  a  specific 
class  of  network  elements,  as  well  as  linear  resistors  and  capacitors,  volt¬ 
age  sources,  and  current  sources.  The  special  class  of  elements  are  non¬ 
linear  voltage-dependent  and  time-dependent  conductances  that  represent 
the  behavior  of  ion-specific  channels  in  the  cell  membrane.  The  electrotonic 
structure  of  neurons  (as  determined  by  the  morphometries  and  linear  com¬ 
ponents  of  the  cell)  is  extraordinarily  important  to  their  function,  and  much 
of  the  effort  in  the  development  of  HIPPO  was  in  the  characterization  of 
this  structure  as  well  as  that  of  the  non-linear  elements. 

Figure  2.2  illustrates  a  typical  network  configuration  for  simulation.  In 
this  particular  topology  the  network  is  stimulated  by  a  current  source  that 
injects  a  current  pulse  into  the  soma.  This  source  is  the  system  input  in 
this  particular  simulation.  The  outputs  include  the  voltages  of  each  of  the 
compartments,  the  currents  through  each  of  the  branches  of  the  network,  and 
the  state  variables  that  describe  the  behavior  of  the  non-linear  conductances. 
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Figure  2.2:  Network  schematic  for  typical  simulation  protocol,  similar  to 
that  shown  in  Figure  2.1.  Voltage  for  each  compartment  is  measured  relative 
to  the  outside  of  the  cell.  Determining  the  characteristics  of  the  circuit 
elements  from  (a)  the  voltage  response  to  current  source  stimulus  (current 
clamp),  (b)  the  current  response  to  voltage  source  stimulus  (voltage  clamp), 
and  (c)  estimation  of  parameters  derived  from  basic  principles  is  the  focus 
of  this  research. 
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2.5  Elements  of  the  Model 


The  basic  task  of  HIPPO  is  the  determination  of  the  circuit  elements.  Char¬ 
acterization  of  some  of  these  components  is  straightforward,  e.g.  the  mem¬ 
brane  capacitance,  while  most  of  the  others  are  subject  to  considerable  spec¬ 
ulation.  Because  of  a  lack  of  data,  some  elements  cannot  be  determined  with 
a  high  degree  of  certainty.  For  these  parameters,  if  the  behavior  of  the  cell 
is  strongly  effected,  sets  of  simulations  were  conducted  over  the  presumed 
range  of  the  parameter,  resulting  in  a  range  of  cell  responses  peculiar  to 
changes  in  that  parameter. 

HIPPO  incorporates  11  non-linear,  time-varying  conductances  in  the 
soma,  including  those  that  underly  three  putative  sodium  currents,  (//v0-tr»fl, 
I N a— tail i  and  iNa-rtp),  a  delayed-rectifier  potassium  current  (Idr),  a  cal¬ 
cium  current  (/ca)»  a  slow  calcium  current  (leas),  a  calcium-mediated  potas¬ 
sium  current  (Jc),  an  after-hyperpolarization  potassium  current  ( Iahp)i  a 
muscarine-inhibited  potassium  current  (Im)>  a  transient  potassium  current 
( Ia),  and  an  anomalous  rectifier  potassium  current  (Iq)- 

All  the  compartments  include  the  leakage  current  (II)  and  the  capaci¬ 
tance  current  (leap)  as  explicit  components  of  the  network  model.  In  ad¬ 
dition,  the  soma  compartment  includes  a  non-specific  shunt  conductance  as 
may  be  introduced  by  the  microelectrode. 

All  the  parameters  for  the  model,  including  the  kinetics  of  the  non-linear 
conductances  and  the  linear  characteristics  of  hippocampal  pyramidal  cells, 
were  derived  either  from  the  literature  or  from  consultation  with  Prof.  Paul 
Adams  2,  Dr.  Johan  Storm  3  and  Prof.  Christof  Koch  4. 


2.6  Reversal  Potentials  and  Ionic  Current  Through 
Membrane  Conductances 

The  origin  of  the  membrane  potentials  will  now  be  reviewed,  as  these  el¬ 
ements  are  fundamental  to  the  interpretation  of  the  model.  The  reversal 
potentials  for  each  conductance  derive  from  two  salient  features,  (1)  a  con¬ 
centration  gradient  across  a  membrane  for  ionic  species  X  and,  (2)  selective 
permeability -in  that  conductance  for  X  relative  to  any  other  ionic  species  in 

^Department  of  Neurobiology  and  Behavior,  State  University  of  New  York  at  Stony 
Brook. 
sIbid. 

department  of  Biology,  California  Institute  of  Technology. 
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the  intra-  and  extra-cellular  medium.  The  concentration  gradient  sets  up  a 
thermodynamic  potential  that  drives  ions  of  X  down  the  gradient,  and  across 
the  membrane,  in  order  to  balance  the  concentrations.  If,  however,  the  mo¬ 
bility  across  the  membrane  of  any  of  the  other  species  in  the  mediums  is  not 
the  same  as  X,  movement  of  X  will  then  set  up  a  charge  imbalance  across 
the  membrane.  This  imbalance  will  create  a  potential  difference  across  the 
membrane  that  will  oppose  movement  of  X  down  the  concentration  gradi¬ 
ent.  At  equilibrium,  there  will  be  no  net  flow  of  X  across  the  membrane, 
and  the  electrical  potential  will  be  equal  and  opposite  to  the  thermodynamic 
potential  caused  by  the  concentration  gradient.  The  relationship  between 
concentration  gradient  and  electrical  potential  is  described  by  the  Nernst 
equation, 


_  RT, 
Ex  =  — =ln 
zxF 


[X)out 

[A']in 


where  Ex  is  the  potential  due  to  ionic  species  X  (referenced  to  the  inside  of 
the  cell),  R  is  the  gas  constant,  T  is  the  temperature  in  degrees  Kelvin,  zx 
is  the  valence  of  X,  is  the  concentration  of  X  outside  the  membrane, 

and  [X]<n  is  the  concentration  of  X  inside  the  membrane. 

Note  that  if  the  membrane  is  permeable  to  other  charge  carriers  in  the 
medium,  then  space-charge  neutrality  will  be  maintained  as  counterions  are 
dragged  across  the  membrane  with  X.  The  concentration  gradient  of  X  will 
then  be  eliminated  with  no  concomitment  establishment  of  an  ionic  potential 
due  to  a  charge  imbalance  from  the  movement  of  X . 

The  flow  of  ions  through  membrane  channels  has  been  the  subject  of 
much  theoretical  work,  and  at  present  there  is  no  consensus  as  to  the  mech¬ 
anisms  involved  (Hille,  1985).  However,  measurements  of  the  intrinsic  con¬ 
ductance  of  ion  channels  over  a  narrow  range  of  membrane  potentials  5  show 
that  to  a  first  approximation  this  intrinsic  conductance  is  linear  (indepen¬ 
dent  of  the  voltage): 


(jf  —  9x(  kmemfrrarve  —  Ex) 

where  lx  is  the  ionic  current,  Vmem6rane  is  the  voltage  applied  across  the 
membrane,  and  gx  is  the  conductance  of  A'  through  the  membrane  channels. 

‘Typically  in  the  physiological  range  of  membrane  potentials,  and  several  millivolts 
away  from  the  reversal  potential  of  a  given  channel,  where  non-linearity  of  the  intrinsic 
conductance  is  pronounced  most. 
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An  important  assumption  in  the  HIPPO  model  is  that  the  flow  of  one 
ionic  species  across  the  membrane  is  independent  of  the  flow  of  any  other 
species;  the  different  currents  are  linearly  independent.  This  allows  the  dif¬ 
ferent  current  paths  to  be  represented  as  distinct  independent  conductances 
in  parallel  with  each  other,  each  driven  by  the  appropriate  ionic  potential, 
as  was  illustrated  in  Figure  2. 

In  fact,  it  has  been  demonstrated  that  so-called  “selective”  channels  are 
not  absolutely  selective  for  a  given  ion.  Most  channels  are  instead  prefer¬ 
entially  selective  for  one  ion  or  another,  and  have  a  lower  (perhaps  much 
lower  but  non-zero)  permeability  for  other  species.  The  result  is  a  reversal 
potential  for  a  given  channel  that  may  be  expressed  by  the  Nernst-Goldman 
equation,  including  the  appropriate  ions  and  their  relative  permeabilities. 
For  example,  the  reported  reversal  potentials  for  the  (assumed)  K+  chan¬ 
nels  typically  vary  between  -90  and  -70  millivolts,  whereas  Ek,  assuming 
standard  values  for  the  concentration  of  I(+  inside  and  outside  the  mem¬ 
brane,  is  about  -98  millivolts.  Likewise,  data  on  IcaS,  which  is  advertised 
as  a  Ca2+  current,  indicates  that  its  reversal  potential  is  around  0  millivolts 
(see  Chapter  6).  Finally,  the  resting  potential  in  the  model  is  assumed  to 
be  set  by  a  non-voltage-dependent  channel  with  a  reversal  potential  of  -70 
millivolts,  which  implies  that  either  there  is  a  mixture  of  perfectly  selective 
channels  that  contribute  to  give  the  observed  “leak”  channel,  or  there  is  a 
single  channel  that  is  permeable,  to  varying  degrees,  to  more  than  one  ion. 

2.6.1  Sodium  Potential  -  E^a 

In  the  HIPPO  simulations,  the  sodium  potential  was  not  found  to  be  a  very 
critical  parameter,  probably  since  most  of  the  activity  of  the  cell  occurs 
around  potentials  that  are  very  hyperpolarized  to  the  sodium  potential. 
Changing  this  potential  mainly  affected  the  amplitude  and  rate  of  rise  of 
the  action  potential.  (Aa+]in  is  assumed  to  be  12  mM,  and  [Aa+jout  is 
assumed  to  be  145  mM.  At  physiological  temperature  this  corresponds  to  a 
potential  of  +63  mV. 

2.6.2  Potassium  Potential  -  Ek 

The  potassium  potential  is  the  most  sensitive  ionic  potential  in  the  model. 
Much  of  the  reproduced  activity  takes  place  within  10  to  20  millivolts  from 
rest.  In  addition,  there  is  evidence  that  the  potassium  concentration  ad¬ 
jacent  to  the  outside  membrane  is  substantially  different  than  the  rest  of 
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the  extracellular  medium,  which  in  turn  will  change  Ek  transiently  dur¬ 
ing  electrical  activity.  Further,  the  intracellular  potassium  concentration  is 
not  measured  readily.  In  the  model  presented  here,  however,  the  concen¬ 
tration  of  K+  inside  and  outside  the  cell  is  assumed  constant.  [A'+]tn  is 
set  at  155mM,  and  [K+]out  is  set  at  4mM.  At  37 °C,  this  corresponds  to  a 
potassium  potential  of  -85  mV. 

As  shall  be  discussed  in  Chapter  7,  raising  the  reversal  potential  of  Idr 
to  -73  mV  was  necessary,  in  order  to  obtain  certain  features  of  the  voltage 
response  as  mediated  by  this  current.  Different  so-called  K+  conductances 
may,  in  fact,  have  slightly  different  reversal  potentials,  reflecting,  as  men¬ 
tioned  above,  a  non-ideal  selectivity  of  a  given  channel.  For  example,  the 
higher  reversal  potential  of  I  dr  implies  that  this  channel  allows  the  passage 
of  either  a  small  proportion  of  Ca2+  or  Na+  as  well  as  K+ . 

2.6.3  Calcium  Potential  -  Eca 

The  calcium  potential  was  calculated  from  the  constant  extracellular  Ca2+ 
concentration  (4.0  mM)  and  the  concentration  of  Ca2+  directly  underneath 
the  membrane  regions  where  the  Ca2+  channels  axe  assumed  to  be  grouped, 
[Ca2+]theii.i.  At  rest,  [Ca2+]th.tu.i  was  equal  to  50  nM,  resulting  in  a  Eca  of 
128  mV.  In  Chapter  6,  the  dynamics  of  the  Ca2+  system  and  the  behavior 
of  Eca  are  presented  in  detail. 
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Chapter  3 

HPC  ELECTROTONIC 
STRUCTURE  AND 
DETERMINATION  OF 
LINEAR  PARAMETERS 


3.1  Introduction 

This  chapter  describes  an  estimation  of  the  electrotonic  structure  of  the 
hippocampal  pyramidal  cell  model.  The  parameters  for  this  structure  are 
derived  from  the  literature  and  from  theoretical  considerations  that  are  de¬ 
veloped  herein.  First,  the  basis  for  this  development  and  the  role  it  plays  in 
the  modelling  effort  will  be  described.  Next,  the  parameters  for  the  electro- 
tonic  structure  will  be  defined  and  described,  including  the  membrane  capac¬ 
itance,  the  cytoplasmic  resistivity,  and  the  factors  underlying  the  membrane 
resistivity.  The  next  section  will  begin  by  describing  the  problem  of  mod¬ 
elling  the  geometry  of  the  cell.  Two  methods  for  estimating  the  dimensions 
will  be  presented,  the  first  by  extrapolating  data  used  in  other  modelling 
studies,  and  the  second  based  on  a  histological  data-based  technique  that  I 
have  developed. 

The  electrical  parameters  of  the  cell  will  be  estimated  next  based  on 
reported  data.  When  combined  with  the  results  of  the  previous  section, 
some  reports  may  be  used  to  derive  morphometric  data,  but  not  electrical 
parameters,  and  other  reports  may  be  employed  for  only  some  electrical 
measurements. 
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In  order  to  develop  a  model  structure  that  is  consistent  with  the  available 
(valid)  data,  the  next  section  in  this  chapter  derives  the  frequency  response 
for  the  general  structure.  Next,  DTFT  techniques  are  used  with  the  derived 
frequency  response  to  examine  various  model  structures  so  that  the  desired 
linear  temporal  response  may  be  obtained.  Several  suggestions  on  how  some 
parameters  may  be  better  estimated  using  the  phase  and  magnitude  of  the 
frequency  response  are  discussed,  and  the  accuracy  of  the  compartmental 
model  used  in  the  actual  simulations  is  verified  by  comparison  with  the 
previously  derived  response  of  the  continuous  structure.  Finally,  the  pa¬ 
rameters  of  the  structure  used  in  this  study  are  presented,  along  with  a 
discussion  of  some  of  the  possible  functional  implications  of  the  values  for 
these  parameters. 


3.2  The  Importance  of  the  Electrotonic  Struc¬ 
ture 

In  order  to  develop  descriptions  of  non-linear  elements  in  the  pyramidal  cell 
using  the  small  amount  of  available  data,  building  on  an  accurate  charac¬ 
terization  of  the  electrotonic  structure  of  the  cell  is  necessary.  The  term 
“electrotonic”  refers  to  the  cable-like  characteristics  of  the  cell  as  defined 
by  the  linear  properties  of  the  cell  membrane  ,  cytoplasm,  and  the  intricate 
geometry  of  the  dendritic  tree. 

Starting  with  a  valid  electrotonic  structure  is  important  for  a  few  rea¬ 
sons.  First,  in  the  absence  of  complete  voltage  clamp  data,  the  estimates 
for  many  of  the  non-linear  parameters  must  be  evaluated  by  current  clamp 
simulations.  In  this  case,  subtleties  in  the  resulting  voltage  records  are  ana¬ 
lyzed  to  determine  the  accuracy  of  a  given  estimation.  If  the  linear  response 
of  the  model  cell  is  different  than  that  of  the  real  cell,  determining  whether 
differences  between  simulated  and  actual  responses  are  due  to  errors  in  the 
estimation  of  the  non-linear  parameters  or  to  errors  in  the  linear  parameters 
may  be  impossible. 

For  example,  one  method  used  to  derive  the  Na+  currents  in  the  hip¬ 
pocampal  pyramidal  cell  involves  running  voltage  clamp  simulations  on  the 
linear  model *(no  non-linear  conductances)  using  an  actual  JVa+-only  spike 
record  as  the  clamp  voltage.  In  this  protocol,  as  will  be  reviewed  in  Chapter 
5,  the  clamp  supplies  the  current  necessary  to  cancel  the  linear  currents  (leak 
current,  soma-dendrite  current,  and  soma  capacitance  current)  elicited  by 
the  spike  waveform.  Presumably,  then,  the  clamp  current  must  reflect  those 
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currents  that  are  mediated  by  Na+  channels  during  a  Ara+-only  spike.  The 
time  course  of  the  clamp  current  therefore  provides  clues  as  to  the  non-linear 
processes  that  may  underly  the  Na+  currents  (ref.  Figure  5.2).  For  example, 
does  the  waveform  indicate  that  more  than  one  HH-like  conductance  is  op¬ 
erating,  and  what  are  the  magnitudes  of  the  putative  components?  Models 
with  different  linear  response  will  give  different  clamp  currents  under  these 
conditions,  so  it  is  necessary  that  attention  is  focused  on  a  model  whose 
linear  response  most  closely  follows  a  real  cell. 

Another  motivation  to  carefully  develop  the  linear  structure  of  the  model 
came  about  when  various  references  for  this  structure  were  consulted,  in¬ 
cluding  reports  of  measurements  of  cells  and  reports  of  other  hippocampal 
pyramidal  simulations.  As  will  be  reviewed  later,  many  aspects  of  these 
reports  were  inconsistent,  and  required  reviewing  the  assumptions  inherent 
in  these  analyses  and  integration  of  the  valid  aspects  of  the  reported  data 
to  obtain  a  more  consistent  description  of  the  relevant  parameters. 

3.3  Building  the  Linear  Description 

Several  papers  on  the  measurement  of  the  linear  properties  of  hippocam¬ 
pal  neurons  were  consulted  to  obtain  the  model  parameters,  including  other 
modelling  studies  ([48],  [44]),  measurements  of  the  linear  properties  of  hip¬ 
pocampal  neurons  ([7],  [52]),  and  references  for  analytical  approaches  to  ap¬ 
proximations  of  the  neuron  geometry  ([26]).  Typically  these  papers  derive 
parameters  via  analysis  of  the  assumed  linear  response  to  a  hyperpolariz- 
ing  current  step.  The  analysis  is  based  often  on  the  calculated  response  of 
the  soma/short-cable  structure.  Several  methods  are  available  to  estimate  a 
given  parameter,  and  more  than  one  is  often  used  to  estimate  better  a  given 
parameter  (e.g.  [7])  . 

In  examining  the  published  data,  however,  some  problems  arose  when 
the  derived  parameters  were  checked  either  using  the  model  or  by  running 
simple  calculations.  These  inconsistencies  will  be  addressed  in  this  chapter. 

3.4  HPC  Linear  Parameters 

The  linear  parameters  of  the  model  include: 

•  Steady  6tate  input  resistance  as  seen  from  the  soma  -  Ri„  (Cl) 

•  Specific  resistivity  of  the  soma  membrane  -  Rm-,oma  (Kflcm2) 

•  Specific  resistivity  of  the  dendrite  membrane  -  Rm-dend  (Kflcm2) 
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•  Cytoplasmic  resistivity  -  Ri  (KOcm) 

•  Specific  membrane  capacitance  (assumed  homogeneous)-  Cm  ( pf/cm 2) 

•  Radius  of  the  soma  -  atoma  (pm) 

•  Radius  of  the  dendritic  cable  -  a  (pm) 

•  Length  of  the  dendritic  cable  -  /  (pm) 

•  Length  constant  of  the  dendritic  cable  -  A  (pm) 

•  Electrotonic  length  of  the  dendritic  cable  -  L  (dimensionless) 

•  Dendrite/Soma  conductance  ratio  -  p  (dimensionless) 

•  Terminating  admittance  of  the  dendritic  cable,  normalized  to  that  of 
a  semi-infinite  cable  -  B  (dimensionless) 

Some  of  these  parameters  are  derived  from  the  others,  including  A  and 


_  jO'Rm— dend 

~  V  2Rt 


Other  parameters  that  are  sometimes  used  for  convenience  include 
•  Cytoplasmic  resistivity  per  unit  length  -  ra  (KQcm-1) 
where 


r„  = 


Ri_ 

7r  a2 


•  (Typically  dendritic)  membrane  time  constant  -  tq  or  r  (milliseconds) 
where 


TO  —  Rm—dend^m 

Many  investigators  refer  to  a  homogeneous  membrane  resistivity,  Rm, 
that  is  constant  over  both  the  soma  and  dendrites.  This  and  each  of  the 
other  parameters  will  be  discussed  in  this  chapter.  The  specific  membrane 
capacitance,  the  cytoplasmic  resistivity,  the  leak  conductance,  the  electrode 
shunt  conductance,  and  the  leak  reversal  potential  will  now  be  discussed. 

3.4.1  Specific  Membrane  Capacitance 

The  generally  accepted  value  for  Cm  is  1  p/ /cm2.  This  value  is  comparable 
to  the  specific  capacitance  of  .8  p//cm 2  for  a  pure  lipid  bilayer  ([19)).  In 
some  cells,  however,  a  different  value  for  Cm  has  been  reported.  For  example, 
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the  apparent  membrane  capacity  for  crustacean  muscle  fibers  is  15  to  40 
nf  /cm2  ([19]).  If  the  true  capacity  per  unit  area  is  1  nf/cm2,  this  indicates 
that  the  membranes  of  these  cells  is  quite  contorted. 

The  capacitance  of  any  given  compartment  was  then  calculated  based  on 
this  value  multiplied  by  the  total  surface  area  of  the  compartment  that  faced 
the  extracellular  medium.  This  calculation  was  based  on  several  assump¬ 
tions  about  the  structure  of  the  cell  and  the  structure  of  the  membrane.  For 
example,  ideal  geometries  were  assumed  when  calculating  the  absolute  value 
for  the  capacitance  for  any  of  the  compartments  in  the  HIPPO  model  -  a 
sphere  for  the  soma  compartment  and  right  cylinders  for  the  dendritic  and 
axonal  compartments.  In  fact,  the  cell  membrane  is  much  more  convoluted 
than  this  description  implies,  and  the  net  result  would  be  an  underestima¬ 
tion  of  the  cell  capacitance.  On  the  other  hand,  the  value  of  1  nf  /cm 2 
assumes  a  smooth  membrane,  without  any  small-scale  variations.  A  more 
realistic  calculation  of  membrane  capacitance  would  take  into  account  the 
inhomogeneity  of  the  membrane  and  the  variation  of  the  membrane  thick¬ 
ness.  These  factors  would  tend  to  reduce  the  capacitance  per  unit  area. 

In  summary,  the  model  cell  incorporates  a  value  of  1  fif/cm 2  for  Cm.  In 
addition,  Cm  is  assumed  to  be  constant  over  the  entire  cell  (i.e.  Cm  is  the 
same  for  both  the  soma  and  the  dendrites).  Some  investigators  have  pro¬ 
posed  larger  values  for  Cm,  for  example  ranging  from  about  2  to  4  /if/cm2 
([52]).  These  values  were  derived  from  estimating  the  membrane  time  con¬ 
stant  under  assumptions  that  are  probably  not  valid  (e.g.  homogeneous  time 
constant  over  the  entire  cell,  terminating  impedance  of  dendrites  =  0).  The 
errors  incurred  under  the  various  assumptions  that  have  been  used  in  other 
studies  will  be  examined  later,  particularly  when  the  estimation  of  is 
discussed.  These  errors  have  likely  contributed  to  an  overestimation  of  Cm 
in  some  of  these  reports. 

3.4.2  Cytoplasmic  Resistance 

The  resistivity  of  the  intracellular  medium,  the  cytoplasm,  is  calculated 
with  the  assumption  that  the  interior  of  the  cell  is  homogeneous.  This  is 
dearly  an  assumption  6ince  the  cell  is  packed  with  a  myriad  of  cytostructural 
elements,  organelles  and  inclusions.  To  a  first  approximation,  however,  the 
inhomogeneity  of  the  cytoplasm  is  ignored. 

Shelton  [44]  presents  the  following  argument  as  to  the  size  of  Ri.  He 
proposes  that  the  lower  limit  of  Ri  is  set  by  the  conductivity  of  pure  physio¬ 
logical  saline  solution,  corresponding  to  a  value  of  50  to  60  ft  cm.  Measure- 
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ments  of  the  resistivity  of  extracellular  brain  tissue  are  cited  in  the  range 
of  50  -  600  flcm ,  and  measurements  of  the  resistivities  of  axoplasm  and 
somatic  cytoplasm  in  other  cells  are  quoted  as  being  in  the  range  of  20  - 
160  Cl  cm  and  70  -  390  Cl  cm ,  respectively.  Shelton  proposes  that  the  resis¬ 
tivity  of  the  medium  in  which  a  microelectrode  is  immersed  contributes  to 
the  effective  electrode  resistance  due  to  the  convergence  resistance  near  the 
electrode  tip.  Since  the  microelectrode  bridge  circuit  must  be  compensated 
to  account  for  the  electrode  resistance,  the  compensation  required  as  the 
electrode  tip  moves  from  outside  to  inside  the  cell  will  give  an  indication 
of  the  difference  in  the  extra-  and  inter-cellular  resistivities.  Measurements 
along  these  lines  indicate  that  the  difference  between  these  resistivities  for 
the  cerebellum  and  the  Purkinje  cell  are  less  than  50  Clem.  Assuming  that 
the  cerebellar  extracellular  resistivity  is  200  Clem,  Shelton  then  uses  this 
result  to  suggests  that  Ri  is  near  250  Cl  cm. 

This  value  of  Ri  is  significantly  higher  than  what  is  used  usually  in  the 
reports  analyzing  the  linear  characteristics  of  the  pyramidal  cell.  Typical 
values  in  these  reports  are  in  the  range  of  50  -  75  Cl  cm.  Most  studies  do 
not  indicate  the  rationale  for  these  values,  other  than  the  supposed  analogy 
to  the  resistivity  of  a  Ringer’s-type  solution.  An  investigation  of  the  signifi¬ 
cance  of  R{  was  therefore  of  interest,  in  particular  to  see  if  large  differences 
in  this  parameter  could  significantly  affect  the  derivation  of  the  other  linear 
parameters. 

The  most  obvious  parameter  that  is  a  strong  function  of  Ri  is  the  den¬ 
dritic  length  constant,  A,  and  thus  the  electrotonic  length  of  a  dendritic 
segment,  L.  A  is  determined  by  Ri,  Rm-dend,  and  a  by  the  following  rela¬ 
tion: 


■/ 


Rm—dendQ 
2  Ri 


(Note  that  A  expresses  the  length  over  which  the  voltage  from  a  constant 
point  source  attenuates  by  a  factor  of  1/e  down  an  infinite  dendritic  cable.) 

For  a  fixed  value  of  Rm-dend  and  a,  a  four- fold  increase  in  Ri  (e.g.  from 
65  to  260  Cl  cm)  will  correspond  to  a  halving  of  A.  The  manner  in  which  Ri 
affects  the  input  impedance  of  the  cable  is  discussed  later. 

One  of  the  assumptions  of  the  compartmental  model  is  that  within  each 
compartment  the  intracellular  resistance  can  be  neglected,  so  that  the  com¬ 
partment  is  isopotential.  The  cytoplasmic  resistivity  is  only  considered  in 
the  electrical  communication  between  dendritic  compartments,  where  the 
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connecting  resistor  is  calculated  from  the  dimensions  of  the  compartments 
and  the  cytoplasmic  resistivity  according  to  the  formula  - 

r>  ft  *  ^ compartment 

K' coupling  —  2 

7T  fl* 

where  Icompartment  is  the  length  of  the  dendrite  segment. 

In  summary,  the  model  incorporates  an  Ri  of  either  200  or  250  ft  cm 
for  most  of  the  analyses.  In  some  cases,  Ri  was  set  to  75  ft  cm  in  order  to 
evaluate  data  from  other  reports  of  intracellular  measurements  or  modelling 
studies,  but  results  presented  in  later  chapters  are  obtained  using  the  higher 
values  of  R,. 

3.4.3  Leak  Conductance,  Electrode  Shunt  Conductance,  And 
Leak  Reversal  Potential 

Rm,  the  specific  membrane  resistivity,  is  defined  as  a  linear,  time-independent 
conductance.  The  intrinsic  leak  conductance  of  the  cell,  Rieak,  and  the  elec¬ 
trode  shunt  conductance,  Rshunt  <,  combine  to  form  Rm  when  the  impedance 
of  the  membrane  is  evaluated.  Rieak  includes  the  conductance  of  the  lipid 
bilayer,  and  an  ion-specific  channel  or  channels  whose  conductance  is  or  are 
voltage  and  time  independent.  Rshunt  is  the  non-specific  leak  arising  from 
the  impalement  of  the  cell  with  a  microelectrode.  Since  Rieak  is  a  selective 
conductance,  it  is  modeled  in  series  with  a  voltage  source  representing  the 
leak  reversal  potential,  Eieak ■  Rshunt,  however,  is  non-selective,  and  there¬ 
fore  is  modeled  without  a  series  voltage  source. 

Accurate  determination  of  Rm  is  difficult,  particularly  because  of  the 
cable  properties  of  the  pyramidal  cell  and,  as  will  be  demonstrated,  the  non¬ 
homogeneity  of  Rm.  In  this  section  some  estimates  of  Rshunt  are  presented  as 
well  as  a  background  for  the  measurement  of  the  intrinsic  Rieak  and  estimates 
of  Eieak .  The  estimates  of  Rm  (actually  of  Rm-soma  and  Rm~dend)  will  be 
presented  later  in  this  chapter. 

The  conductance  of  the  lipid  bilayer  sets  an  upper  bound  for  the  Rieak 
of  10®  -  109  ft  cm2  [19].  Since  estimates  of  Rm  typically  are  in  the  range  of 
500  to  10*  ft  cm2,  ion  channels  or  the  electrode  leak  appears  to  account  for 
the  majority ‘of  the  total  membrane  leak. 

Various  estimates  of  the  leak  introduced  by  an  electrode  have  been  made, 
ranging  from  50  to  200  Mft  [44],  We  can  roughly  estimate  the  magnitude 
of  the  leak  introduced  by  the  single  electrode  used  in  the  single  electrode 
clamp  (SEC)  protocol  from  the  amount  of  constant  "repair”  hyperpolarizing 
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current  that  must  be  supplied  to  the  soma  in  order  to  maintain  a  resting 
potential  of  -60  to  -70  mv  1  .  Typical  values  for  this  current  range  from  0.5 
to  1.5  nA  (Storm,  personal  communication).  If  the  normal  resting  potential 
is  assumed  to  be  -70  mv,  and  sufficient  repair  current  is  supplied  to  restore 
this  membrane  voltage,  then  the  previous  range  of  repair  current  magnitudes 
implies  electrode  leaks  in  the  range  of  140  to  47  MQ ,  respectively. 

Estimates  of  pyramidal  cell  input  impedance  vary  over  an  order  of  mag¬ 
nitude.  This  range  is  more  than  can  be  explained  simply  by  the  difference 
in  the  surface  area  and  electrotonic  structure  of  the  measured  cells.  The 
integrity  of  the  electrode  seal  is  variable,  and  could  conceivably  account  for 
a  large  part  of  the  input  conductance. 

For  many  cells  Rm  is  estimated  by  measuring  the  time  constant  of  the 
cell  in  response  to  small  steps  of  injected  current  with  the  cell  at  resting 
potential.  In  this  case,  either  the  cell  membrane  is  assumed  to  be  equipo- 
tential  (in  which  case  the  response  should  consist  of  a  single  exponential  and 
the  single  time  constant  is  measured),  or  an  infinite  cable  structure  is  as¬ 
sumed  with  a  homogeneous  membrane,  and  the  largest  time  constant  of  the 
response  is  interpreted  as  the  true  membrane  time  constant.  This  formula 
shall  be  referred  to  later  when  some  of  the  published  estimates  of  Rm  are 
examined. 

Typical  values  for  the  time  constants  measured  under  these  conditions 
for  various  cells  (including  non-neuronal  cells)  range  from  10/x  s  to  1  second. 
This  range  corresponds  to  Rm's  of  0.30  to  106J7  cm2,  assuming  that  Cm  can 
range  from  1  -  30  /if/cm2.  Thus  the  number  of  channels  that  are  open  and 
contribute  to  the  maintenance  of  the  resting  potential  varys  considerably 
between  different  cell  types. 

The  stability  of  the  resting  potential  may  be  investigated  by  perturbing 
the  membrane  voltage  in  the  presence  of  active  conductances.  These  simu¬ 
lations  can  test  the  validity  of  any  calculated  Erett ,  since  it  is  likely  that  the 
membrane  voltage  would  be  stable  in  the  neighborhood  of  the  actual  Ere*u 
and  that  the  spike  threshold  would  be  distinct  (e.g.  greater  than  lOmv  depo¬ 
larized  from  rest).  This  stability  of  Ere*t  is  observed  for  non- spontaneously 
firing  cells,  and  is  advantageous  since  this  behavior  is  directly  related  to  the 
ability  of  the  cell  to  reject  noise  (at  a  low  level  of  perturbation)  and  the 
integrative  ability  of  the  cell.  In  the  latter  case,  a  firing  threshold  near  Ere$t 

'This  repair  current  is  often  only  transiently  required,  however,  as  if  over  time 
the  leak  introduced  by  the  micro-electrode  is  sealed  automatically  (Storm,  personal 
communication) 
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Figure  3.1:  Typical  hippocampal  pyramidal  cell.  The  main  regions  include 
the  soma,  the  basal  dendrites,  the  apical  dendrites,  the  axonal  hillock,  and 
the  axon. 

would  cause  the  cell  to  fire  for  a  larger  set  of  inputs  than  if  the  threshold 
was  more  depolarized.  Modulation  of  the  firing  threshold  is  a  possible  phys¬ 
iological  mechanism  for  changing  the  computational  function  of  a  single  cell. 
On  the  other  hand,  threshold  modulation  may  be  a  factor  is  some  patholog¬ 
ical  states,  such  as  epilepsy  where  the  threshold  is  abnormally  low  leading 
to  hyperexcitability  (e.g.  seizures),  or  in  states  where  the  threshold  is  too 
high,  causing  hypoexcitability  (e.g.  paralysis  at  the  extreme). 

In  most  reports,  Erett  is  assumed  to  be  about  -70  mv.  Since  the  evidence 
for  hippocampal  pyramidal  cells  indicate  that  there  is  little  current  due  to 
non-linear  channels  at  rest  (the  exception  being  a  small  /m,  discussed  in 
Chapter  6),  I  have  assumed  that  the  reversal  potential  for  the  leak  conduc¬ 
tance,  Eieak,  is  equal  to  -70  mV. 


3.5  Modelling  the  Cell  Geometry 

The  shape  of  the  hippocampal  pyramidal  neuron  is  quite  complex,  as  Figure 
3.1  illustrates. 

The  basic  regions  of  the  pyramidal  neuron  are  the  cell  body,  or  soma, 
the  basal  dendrites,  the  apical  dendrites,  the  axonal  hillock,  and  the  axon. 
Synaptic  input  to  the  cell  is  received  at  all  its  regions,  but  is  primarily 
received  on  the  dendritic  trees.  In  the  standard  view  of  the  HPC,  the  den¬ 
dritic  membrane  is  primarily  linear  while  the  somatic,  axon  hillock  and  axon 
membranes  are  active,  that  is  contains  non-linear  voltage  and  time  depen¬ 
dent  conductances.  Although  recent  studies  show  that  there  are  non-linear 
conductances  located  on  the  dendrites,  in  the  present  model  purely  linear 
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3.5.1  Assumption  of  Linear  Dendrites 

Defining  the  dendrites  to  be  linear  is  an  important  assumption  for  the  model. 
There  is  extensive  evidence  of  various  Na+ ,  Ca2+,  and  Cl~  channels  ir>  the 
dendrites  ((53],  [34],  [31],  [50],  [5]),  but  the  exclusion  of  dendritic  non-linear 
conductances  was  considered  reasonable  as  a  first  approximation  since  the 
present  work  is  focused  on  the  action  of  somatic  currents.  I  assume  that  the 
behavior  of  the  somatic  non-linear  conductances  are  relatively  insensitive 
to  regions  of  non-linear  dendritic  membrane,  at  least  when  considering  cell 
response  to  somatic  input.  In  Chapter  9,  simulations  of  somatic  response  to 
dendritic  input  will  be  presented,  in  which  the  assumption  of  linear  dendrites 
is  a  more  restrictive  one  in  terms  of  interpreting  the  model  results. 

The  primary  function  of  the  dendrites  is  to  collect  and  integrate  synaptic 
input  from  other  neurons.  That  input  is  conducted  to  the  soma  where  an 
action  potential  is  initiated  if  the  soma  membrane  is  excited  above  the  local 
threshold.  As  far  as  the  model  is  concerned,  though,  the  contribution  of  the 
dendrites  is  simply  that  of  a  linear  load  on  the  soma. 

3.5.2  Approaches  to  the  Representation  of  HPC  Structure 

The  possible  options  for  representing  the  structure  of  the  pyramidal  cell  in 
simulations  are  worthy  of  review.  At  one  extreme,  the  entire  geometry  of 
the  cell  and  its  dendritic  tree  may  be  modeled  in  detail,  with  the  dendritic 
tree  reduced  to  a  set  of  branching  cylinders,  perhaps  including  the  tapering 
of  each  cylinder  and  the  dendritic  spines.  The  appropriate  linear  cable  equa¬ 
tions  may  then  be  employed  to  examine  the  steady-state  input  conductance 
of  the  entire  tree  ([52]),  assuming  linear  dendrites.  If  the  transient  response 
is  of  interest,  or  if  non-linear  dendritic  conductances  are  to  be  included, 
representing  the  cable  segments  with  compartmental  approximations  and 
solving  the  network  numerically  is  necessary  ([44]). 

Histological  technique  can  supply  the  data  necessary  for  this  sort  of  rep¬ 
resentation,  but  the  attempts  to  model  dendritic  trees  at  least  approximate 
the  tapering  .segments  as  right  cylinders.  The  hippocampal  pyramidal  cell 
has  been  modeled  in  this  fashion  ([52]).  In  this  study,  the  dendritic  tree  was 
dissected  into  a  branching  structure  of  right  cylinders,  without  spines.  Sev¬ 
eral  cells  were  analyzed,  with  the  dendritic  trees  modeled  with  300  -  1,000 
cylinders  per  cell.  Using  the  equation  for  the  input  conductance  of  a  short 
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cable  and  moving  proximally  from  each  distal  termination,  the  steady-state 
input  conductance  of  the  entire  tree  was  derived  as  a  function  of  membrane 
resistivity  and  cytoplasmic  resistivity.  A  study  of  a  Purkinje  neuron  ([44]) 
represented  the  cell  with  1089  coupled  compartments.  In  this  case  the  dy¬ 
namic  behavior  of  the  linear  cell  was  derived  numerically  in  order  to  estimate 
its  linear  properties. 

The  next  level  of  approximation  in  reducing  the  dendritic  tree  consists 
of  collapsing  branched  structures  into  equivalent  cylinders,  according  to  the 
technique  developed  by  Rail  [26]  (described  shortly).  The  complexity  of  the 
resulting  representation  (i.e.  how  much  will  the  tree  be  collapsed  into  larger 
cables),  depends  on  the  morphological  characteristics  of  the  dendrites  and 
the  accuracy  desired  by  the  modeller.  In  this  model,  several  versions  of 
such  a  geometry  were  used,  as  illustrated  in  Figure  3.2.  For  investigating 
somatic  properties  the  dendritic  tree  was  sufficiently  represented  as  a  single 
short  cable,  as  shown  in  Figure  3.2.  On  the  other  hand,  as  was  mentioned 
at  the  beginning  of  the  chapter,  the  parameters  of  this  approximation,  the 
dimensions  of  the  soma  and  the  cable  and  their  linear  electrical  properties, 
were  critical  to  the  response  of  the  model,  and  their  careful  estimation  is 
important. 

At  the  other  end  of  the  spectrum,  in  representing  pyramidal  cell  geome¬ 
try,  is  an  isopotential  sphere  representing  the  entire  cell.  For  most  modelling 
studio  of  cells  with  a  significant  dendrite  tree  this  approach  is  too  simplified 
for  two  reasons.  First,  the  linear  response  of  the  sphere  will  consist  of  a  sim¬ 
ple  exponential,  precluding  the  role  of  the  dendrites  as  relatively  isolated 
stores  of  charge  that  contribute  to  restoring  the  soma  voltage  after  short 
perturbations.  Second,  the  majority  of  voltage-dependent  ion  channels  are 
believed  to  be  localized  at  the  soma,  and  that  the  dendrites  are  either  linear, 
or  incorporate  localized,  lower  density,  non-linear  conductances.  Modelling 
the  cell  as  an  isopotential  sphere  prevents  considering  such  a  distribution  of 
non-linear  and  linear  membrane. 

In  summary,  modelling  with  a  detailed  description  of  the  dendritic  tree  is 
necessary  if  one  is  interested  in  evaluated  the  complex  information  processing 
that  apparently  occurs  at  the  level  of  distinct  regions  of  the  tree.  If,  however, 
one  is  interested  only  in  somatic  properties,  as  a  first  approximation  the 
tree  may  be  collapsed  so  that  its  approximate  load  as  that  of  a  single  short 
cable  may  be  evaluated.  A  next  step  in  the  analysis  of  somatic  properties 
may  use  a  slightly  more  complicated  approximation  to  the  tree  structure, 
as  shown  in  Figure  3.2,  and  has  been  used  by  TYaub  and  Llinas([48])(see 
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also  Figure  3.2).  In  these  versions,  the  contribution  of  non-linear  dendritic 
membrane  may  be  considered,  where  the  non-linear  membrane  is  localized 
in  some  isolated  section  of  a  dendritic  branch.  The  simulations  of  Traub  and 
Llinas  have  provided  some  interesting  results  in  this  area,  but  their  model 
parameters  may  not  have  been  derived  carefully  enough  to  warrant  any  more 
than  qualitative  interpretations  of  the  behavior  of  their  model. 

After  the  Rail  method  of  reducing  dendritic  trees  has  been  introduced, 
several  methods  for  estimating  the  model  geometry  will  be  presented. 


3.6  The  Rail  Reduction  Of  The  Dendritic  Tree 
To  Equivalent  Cylinders 

Rail  has  shown  that  under  certain  conditions  a  set  of  dendritic  branches 
emerging  from  the  distal  end  of  a  dendritic  segment  may  be  collapsed  into 
a  single  cable  whose  input  impedance  (as  seen  from  the  parent  segment) 
is  identical  to  that  of  the  original  6et.  The  conditions  for  the  reduction 
of  each  set  of  branches  into  a  single  cable  are  twofold:  1)  the  terminating 
impedance  of  each  branch  must  be  the  same,  and  2)  the  electrotonic  length 
of  each  branch  must  be  equal.  The  electrotonic  length  of  the  new  equivalent 
branch  is  the  same  as  the  original  branches,  and  its  diameter,  raised  to  the 
3/2  power,  is  equal  to  the  sum  of  the  original  diameters,  each  as  well  raised 
to  the  3/2  power.  The  terminating  impedance  of  the  equivalent  branch  is 
equal  to  the  terminating  impedance  of  each  of  the  original  branches. 

If  the  diameter  of  the  equivalent  branch  or  segment  is  equal  to  that 
of  the  more  proximal  parent  segment,  then  the  two  cables  connected  in 
series  are  equivalent  to  a  single  longer  cable.  As  long  as  the  appropriate 
conditions  hold,  the  entire  dendritic  tree  can  be  represented  by  a  single  cable 
by  applying  the  reduction  algorithm  repeatedly,  starting  from  the  distal 
branches  and  continuing  proximally  to  the  soma. 

The  constraints  for  the  Rail  reduction  are  rather  severe,  and  several  types 
of  neurons  have  been  analyzed  to  see  if  the  above  conditions  are  applicable. 
Remarkably  enough,  some  neurons  seem  to  follow  the  so-called  “3/2  rule” 
(e.g.  in  lateral  geniculate  nucleus  [44]),  and  the  suggestion  has  been  made 
that  the  Rail  reduction  is  quantitatively  valid  for  them  (although  it  is  not 
always  clear  if  the  authors  of  these  studies  of  fully  aware  of  the  complete  set 
of  constraints  in  the  reduction  algorithm  [Rail,  personal  communication]). 

For  hippocampal  pyramidal  cells,  the  reviews  have  been  mixed,  with 
quantitative  studies  based  on  detailed  histological  data  suggesting  that  the 
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Rail  constraints  are  not  met  at  all  well  ([52]).  Despite  this,  the  reduction 
as  described  is  still  considered  a  good  first  approximation  to  the  pyramidal 
trees,  and  some  studies  have  suggested  that  in  terms  of  the  dendritic  input 
impedance  the  Rail  approximation  is  in  good  qualitative  agreement  with 
the  actual  tree  structure  (Brown  et  al).  Later  in  this  chapter  the  responses 
of  a  soma/single-dendritic-cable  and  a  soma/double-dendritic-cable  will  be 
compared  to  show  qualitatively  that  the  Rail  reduction  is  a  useful  one  even 
when  the  electrotonic  lengths  of  the  daughter  branches  are  not  identical. 

3.7  Approximation  Of  The  Soma  As  An  Isopo- 
tential  Sphere 

The  so-called  “soma”  of  the  hippocampal  pyramidal  cell  is  not  a  sphere; 
it  is  more  of  tapered  cylinder  with  rounded  ends.  Further,  the  transition 
between  soma  and  dendrite  is  not  well-defined,  especially  for  the  apical  pro¬ 
cesses.  The  soma  region  is  assumed  to  be  well-defined,  however,  in  the 
model  approximation.  This  region  is  also  assumed  to  be  isopotential.  This 
assumption  allows  the  use  of  a  sphere  instead  of  a  cylinder  to  represent  the 
soma,  as  long  as  the  surface  area  of  the  soma  is  conserved.  The  isopoten¬ 
tial  approximation  assumes  that  voltage  gradients  are  minimal,  despite  the 
finite  cytoplasmic  resistivity.  It  can  be  shown  ([26],  Ch.  3)  that  the  spread 
of  current  from  a  single  intra-somatic  point  source  introduces  a  very  small 
voltage  gradient  in  the  soma. 

The  dimensions  of  the  soma  were  evaluated  from  the  model  6oma  used 
in  TYaub  and  Llinas’s  model,  and  from  estimating  the  dimensions  from  mi¬ 
crographs.  The  soma  used  in  the  Traub  and  Llinas  model  was  a  cylinder, 
so  the  surface  area  of  thi6  soma  was  used  to  set  the  radius  of  the  spherical 
soma  in  the  present  model  at  17.5  pm.  This  value  is  consistent  with  the  size 
of  the  soma  region  seen  in  micrographs. 


3.8  Estimating  the  Dimensions  of  the  Model  Den¬ 
drites 

Traub  and  Llinas’  paper  provided  the  default  dimensions  of  the  dendritic 
cable  of  the  model  as  well.  In  their  model  the  dendritic  tree  was  represented 
by  a  two  short  cable  basal  dendrites  and  a  short  cable  apical  dendrite  that 
terminated  into  two  short  cable  apical  branches  (Figure  3.2).  The  HIPPO 
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model  topology  was  initially  configured  the  same  way,  using  Traub  and 
Limas’  dimensions.  In  their  paper,  however,  the  effect  of  dendritic  input 
and  localized  regions  of  non-linear  membrane  in  the  dendritic  tree  were 
investigated,  necessitating  the  described  geometry.  Since  at  the  present  time 
the  description  of  soma  currents  is  being  investigated,  this  tree  structure  was 
collapsed  into  a  single  cable  using  a  variant  on  the  Rail  method. 

Traub  and  Llinas  used  a  homogeneous  Rm  =  3.0  KQ  cm3,  and  set  Ri  = 
75ft  cm. 

3.8.1  Deriving  the  Dimensions  of  a  Single  Cable  That  is  the 
Approximate  Equivalent  of  Two  Cables 

The  first  step  in  this  approximation  was  collapsing  the  basal  branches  and 
apical  branches  into  a  single  basal  and  apical  cable.  This  step  was  straight¬ 
forward  since  both  the  basal  branches  and  the  apical  branches  were  the  same 
electrotonic  length  as  their  partners,  and  further  in  that  the  diameter  of  the 
apical  shaft  satisfied  the  3/2  rule  with  its  daughter  branches. 

The  second  step  was  to  combine  the  equivalent  apical  cable  (ac)  with 
the  equivalent  basal  cable  (6c).  This  was  not  straightforward  since  the 
equivalent  apical  and  basal  cables  were  not  the  same  electrotonic  length 
(Luc  =  0.8, Lbc  =  0.6).  The  approach  used  was  to  calculate  a  according  to 
the  3/2  rule,  and  then  calculate  l  so  that  that  the  single  cable  would  have 
the  same  steady-state  input  impedance  as  the  original  two  cables  in  parallel. 

First,  the  diameter  of  the  single  ”equivalent”  cable  (sc)  was  derived  from 
the  3/2  rule: 


«~  =  (<>2?+«L/1)2/s  (3-D 

where  ax  is  the  radius  of  the  appropriate  cable,  yielding  a(=  ate)  = 
4.3/un.  The  next  step  was  to  derive  the  length  of  the  single  cable,  starting 
with  the  formula  for  the  parallel  input  impedance  of  the  original  cables: 


Z,c(s  =  0)  = 


^qc(*  —  0)  *  Zje(s  —  0) 

Zac(*  —  0)  +  Zic  (*  —  0) 


(3.2) 


from  the  equation  for  the  input  impedance  of  a  short  cable  (Equation 
3.20,  derived  later,  with  s  =  0  since  we  are  interested  in  the  steady  state 
impedance,  and  Gtoma  =  0  and  C  —  0,  since  we  are  interested  in  the 
impedance  of  the  isolated  cable),  Equation  3.2  becomes 
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— -  tanh  Ltc  = - — r —  tanh  Lac  +  — ~r~  tanh  Lie  (3.3) 

•‘apic'ic  t“a,oc*ac  ra,tc*bc 

Now  since 
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j  _  (flgc2  +  a t/2)1/3  jn  / 1  +  Qi  tanh(Z,tte)  +  a2  tanh^cA 
2 K  y  1  -  ori  tanh(Xac)  -  a 2  t&nh(Ltc) ) 

where 

°1_  l  +  (f^)3/2 

1 

a  2  = - 

l  +  (f£)  7 

This  procedure  gave  /  =  850/xm,  and  from  this  L  was  calculated  as 
L  =  0.69.  To  check  this  reduction,  the  transient  response  to  a  current  step 
of  this  configuration  was  then  compared  with  the  response  of  the  original 
geometry  of  Traub  and  Llinas  (Figure  3.4).  The  responses  were  nearly  iden¬ 
tical,  validating  the  approximation  between  these  two  geometries. 

Important  inconsistencies  arise,  however,  when  the  linear  response  of 
the  Traub  and  Llinas  model  is  compared  with  that  of  actual  cells.  These 
will  be  examined  once  the  data  derived  from  intracellular  measurements  has 
been  presented.  At  this  point,  this  model  will  be  used  only  to  establish  a 
reasonable  set  of  dimensions  for  the  HIPPO  model. 

3.8.2  A  New  Method  of  Estimating  /  and  a  For  the  Equiv¬ 
alent  Cylinder  Approximation  EYom  Histological  Data 

In  order  to  check  the  validity  of  the  dimensions  used  in  Traub  and  Llinas’ 
model,  a  method  was  derived  for  estimating  l  and  a  from  purely  histological 
data,  that  is,  without  relying  on  estimates  of  electrical  properties.  The 
parameters  used  for  this  estimation  include: 

•  Average  length  of  the  dendritic  tree  -  lav  (f*m) 

•  Average  radius  of  the  dendrite  branches  -  aav  (/im) 

•  Radii  of  the  i  proximal  dendrites  where  they  attach  to  the  soma  -  a,- 
(fxm) 

The  radius  of  the  equivalent  short  cable  of  the  entire  tree,  a,  is  then  set 
by  the  a,’s  under  the  assumption  that  the  radius  of  each  proximal  segment 
is  the  same  as  the  radius  of  the  equivalent  cylinder  approximation  for  the 
portion  of  the  tree  distal  to  that  segment.  Thus  - 
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APICAL  BRANCHES 


BASAL  BRANCHES 


TRAUB  AND  LUNAS  HIPPO 

APPROXIMATION  APPROXIMATION 


Figure  3.3:  Comparison  of  cell  geometry  approximation  used  by  Traub  and 
Llinas  and  single  cable  approximation  used  in  the  model.  Structures  are  not 
drawn  to  scale. 


Figure  3.4:  Comparison  of  response  to  current  step  of  geometry  used  by 
Traub  and  Llinas  and  single  cable  approximation  used  in  the  model. 


The  length  of  the  equivalent  cable  for  the  entire  tree,  /,  is  a  function 
of  the  average  length  of  the  dendritic  tree,  /av,  the  average  diameter  of  the 
dendrite  branches  at  about  the  midpoint  of  the  tree,  oav,  and  the  estimated 
a.  Here  an  assumption  is  made  that  the  tree  can  be  represented  by  a  number 
of  identical  cables  with  radius  o.»  and  length  lav-  As  previously  mentioned, 
the  Fall  method  requires  that  electrotonic  length  be  conserved  in  the  equiv¬ 
alent  cylinder.  The  L  for  the  cable  representing  the  entire  tree  is  therefore 
estimated  as 


L  _ 

••• 

Note  that  the  numerator  of  the  right  hand  side  of  Equation 
space  constant  for  the  ’’average”  cable. 

Since  l  is  equal  to 


(3.5) 
3.5  is  the 


/  aRm—dand 


(3.6) 
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Equations  3.5  and  3.6  can  be  combined  to  get 


This  estimate  for  l  is  function  only  of  the  dimensions  of  the  tree.  The 
significance  of  this  estimate  this  is  that  l  may  be  derived  purely  from  histo¬ 
logical  measurements  and  does  not  depend  on  an  assumed  value  for  Rm-dend 
or  Ri.  The  estimate  of  L,  on  the  other  hand,  does  depend  on  the  estimated 
values  of  Rm-dend  and  R{.  Further,  aav  is  not  the  same  thing  as  the  average 
diameter  of  the  proximal  branches.  aatl  must  be  used  as  defined  since  the 
main  part  of  the  electrotonic  length  of  the  dendritic  tree  is  determined  by 
the  finer  and  more  numerous  distal  processes.  Thus  the  diameter  of  these 
branches  must  be  considered  in  estimating  L  (or  /). 

Typical  values  for  aav  for  the  hippocampal  pyramidal  cell  are  in  neigh¬ 
borhood  of  0.5  -  1.0  /xm.  At  the  soma  there  is  typically  either  one  or  two 
apical  branches,  with  a  diameter  ranging  from  3-10  /xm  (e.g.  Johnston  and 
Brown,  1983).  There  are  usually  several  proximal  basal  branches,  with  a 
typical  diameter  of  about  1  /xm.  A  reasonable  value  for  lav  could  range  from 
300  -  500  /xm.  For  example,  if  there  are  two  apical  dendrites  originating 
at  the  soma  with  diameters  of  3.0  /xm  and  4.0  /xm,  and  there  are  six  basal 
branches  at  the  soma,  each  with  a  diameter  of  1.0  /xm,  with  the  above  ranges 
for  aav  and  lav ,  the  estimated  value  for  a  is  3.6  /xm  and  the  estimated  range 
for  /  is  570  -  1300  /xm. 

As  a  second  example,  let  us  assume  that  there  are  two  apical  dendrites 
have  diameters  of  3.0  /xm  and  10.0  /xm,  and  the  six  basal  branches  stay  the 
same  as  before  with  diameters  of  1.0  /xm.  Using  the  same  ranges  for  aBt)  and 
lav,  the  estimated  value  for  a  now  is  6.8  /xm,  and  the  estimated  range  for  / 
is  780  -  1800  /xm. 

These  values  can  be  compared  with  the  dimensions  of  the  equivalent 
cylinder  derived  from  the  Traub  and  Llinas  model.  The  value  for  a  in  this 
report  was  4.3  /xm,  the  length  of  the  equivalent  cylinders  for  the  basal  branch 
and  the  apical  branch  were  555  /xm  and  820  /xm,  respectively,  and  the  length 
of  the  single  equivalent  cable  that  was  derived  in  this  paper  was  850  /xm. 
These  numbers  compare  well  with  the  figures  above.  In  fact  the  authors 
comment  that  their  estimate  for  l  of  their  model’s  apical  cylinder  was  "pos¬ 
sibly  somewhat  small”.  How  the  dimensions  of  this  model  were  derived  is 
not  known,  but  presumably  an  analysis  similar  to  the  one  just  presented 
was  employed. 
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To  summarize,  the  dimensions  of  the  Traub  and  Llinas  model  are  in  good 
agreement  with  the  previous  estimate.  These  results  will  be  used  both  in 
the  next  section  to  test  the  validity  of  another  report  which  implies  a  6et  of 
dimensions,  and  later  in  this  chapter  when  the  final  dimensions  of  the  model 
will  be  determined.  Another  estimation  of  the  model  cell  dimensions,  this 
time  based  on  reported  parameters  of  CA1  cells  derived  from  intracellular 
electrical  measurements,  will  now  be  presented. 


3.9  Evaluating  Reported  Linear  Parameters  De¬ 
rived  from  Intracellular  Measurements 

The  report  used  as  a  basis  for  this  analysis  is  that  by  Brown  et.  al.  ([7]). 
In  this  paper  essentially  three  parameters  were  derived  from  the  linear  re¬ 
sponses  of  hippocampal  pyramidal  cells.  These  parameters  included  Rm, 
which  was  assumed  to  be  homogeneous  over  the  entire  cell,  L  and  p.  Cm 
was  taken  to  be  1.0/if /cm2,  and  R,  was  assumed  to  be  75fi  cm.  Analysis  of 
the  response  of  the  cell  to  a  current  step  applied  to  the  soma  was  based  on 
the  assumption  that  the  cell  could  be  approximated  by  the  soma/short-cable 
model  with  a  homogeneous  membrane  time  constant.  According  to  Rail  (), 
this  step  response  can  be  represented  by  a  linear  combination  of  exponential 
terms: 


V,-Vm  •£  C.ex p(-«/7i) 

1=0, OO 

where  V  is  the  response  at  the  soma  relative  to  rest,  V]  is  the  steady- 
state  soma  voltage,  tq  is  the  membrane  time  constant  (ro  =  RmCm),  and 
the  remaining  r,’s  are  shorter  time  constants  due  to  charge  redistribution 
down  the  dendrite  cable.  Standard  exponential  peeling  techniques  were  used 
to  evaluate  the  longer  To,  whose  coefficient,  Co  was  assumed  to  be  much 
larger  than  the  remaining  Cj’s.  Rm  was  then  derived  from  the  measured  r0. 
Three  methods  were  used  to  derive  L  and  p,  all  of  which  were  dependent 
on  the  soma/short-cable  approximation  and,  as  before,  the  assumption  of 
homogeneous  Rm.  This  study  estimated  Rm  as  19Kficm2,  p  as  1.2,  and  L 
as  0.95.  Rin  averaged  about  39Mft  2. 

To  evaluate  these  results,  I  constructed  a  model  geometry  that  was  con¬ 
sistent  with  the  above  values  for  Rn,  p,  To,  Rm,  Cm,  R,  and  L.  The 

3  Mean*  of  measurements  from  CA1  cells. 
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parameters  that  we  need  to  derive  for  the  geometry  are  the  radius  of  the 
soma,  atoma,  the  radius  of  the  dendrite,  a,  and  the  length  of  the  dendrite,  /. 

The  first  step  is  to  derive  atoma .  The  conductance  of  the  soma  is  calcu¬ 
lated  from  p  and  R{n.  Since 

G  dendrite 

P  ~ 

uioma 

and 

G dendrite  "t"  Gtoma  =  — 


then 


1 .(_!_) 


~  fpmo  D  \  i  I 

Rin  1  +  P 

This  gives  G,oma  =  11.8  nS.  The  radius  of  the  soma  is  then  calculated 
from  G.oma  and  Rm: 


3RmG. 


*soma 


This  results  in  atoma  =  73  pm.  Now  the  formula  for  i?,„  is  a  function  of 
/  and  a,  given  by: 


Rin  =  tanh(I)  +  Gtom^j  1  (3.7) 

where 


(3.8) 

\  I  Rm—dendQ 

A  =  V  2* 

(3.9) 

Ri 

r«  =  — o 

(3.10) 

Equation  3.7  is  derived  later  (Equation  3.20,  with  s  =  0).  Estimates  for 
l  and  a  were  obtained  by  calculating  Rin ,  L,  and  p,  using  initial  estimates 
for  /  and  a  with  Equations  3.7-  3.10,  and  then  adjusting  /  and  a  until  the 
desired  values  for  L ,  and  p  were  obtained.  This  procedure  resulted  in 
estimates  for  l  =  1800pm  and  a  =  3pm. 
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Figure  3.5:  Typical  response  to  current  step  ([7])  (top)  and  response  to 
current  step  of  model  based  on  Brown  et.  al.  parameters  (bottom),  where 
p  =  1.2,  L  =  0.95,  Rin  —  39Mfi,  atoma  =  73pm,  a  =  3.0pm,  and  /  = 
1800pm. 

The  step  response  of  the  geometry  just  derived  and  a  typical  step  re¬ 
sponse  from  the  Brown  et.  al.  paper  is  seen  in  Figure  3.5.  These  responses 
are  in  good  agreement.  On  the  other  hand,  note  Figure  3.6,  where  the  result¬ 
ing  geometry  and  the  geometry  derived  in  the  previous  section  are  compared. 
The  most  striking  feature  of  the  geometry  derived  from  the  Brown  et.  al. 
data  is  the  estimated  soma  radius  of  73  pm.  This  result  is  inconsistent  with 
the  dimensions  derived  earlier,  where  the  was  estimated  to  be  on  the 
order  of  10  to  20pm.  The  dendrite  radius  of  3.0  pm  and  a  dendrite  length 
of  1800  pm  of  the  Brown  et.  al.  geometry  is  consistent  with  the  previously 
derived  dimensions,  but  these  values  are  in  the  extreme  of  the  previously 
proposed  ranges  for  a  and  l. 


HIPPOCAMPAL  PYRAMIDAL  CELL 


O - 

BROWN  ETAL  GEOMETRY 


O 


» 


HIPPO  GEOMETRY 


l - 1 

100  microns 


Figure  3.6:  Comparison  of  soma/short-cable  geometries  derived  from  data 
of  Brown  et.  ai.  and  that  estimated  in  this  chapter  with  camera  lucida 
reconstruction  of  guinea  pig  hippocampal  pyramidal  cell  ([52]). 
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Figure  3.7:  Normalized  response  to  current  step  of  Brown  et.  al.  geometry 
and  Traub  and  Llinas  model. 

3.10  Comparison  of  Linear  Response  of  Ttaub 
and  Llinas-Derived  Model  and  Brown  et. 
al.-Derived  Model 

While  the  geometry  implied  by  the  Brown  et.  al.  report  is  incorrect  based 
on  my  earlier  analysis,  the  step  response  is  assumed  to  be  valid  since  this 
was  measured  directly  from  cells.  On  the  other  hand,  while  the  geometry 
of  the  Traub  and  Llinas-derived  model  is  a  good  approximation,  as  I  have 
shown  with  my  estimate  based  on  purely  histological  data,  the  step  response 
of  this  structure  does  not  match  that  reported  by  Brown  et.  al.  ,  as  shown  in 
Figure  3.7.  All  these  reports  refer  to  pyramidal  cells,  though  not  necessarily 
to  the  same  subfield  (i.e.  CA1,  CA3). 

The  first  difference  is  the  tq  for  the  two  models;  r<>  for  the  TVaub  and 
Llinas  model  is  about  5  milliseconds  (consistent  with  their  value  of  Am» 
5  AO  cm3),  and  reported  by  Brown  et.  al.  is  about  19  milliseconds. 
The  second  difference  is  between  the  value  of  p  for  the  Traub  and  Llinas 
model  (  approximately  20)  compared  to  values  of  p  that  have  been  reported 
from  intracellular  measurements  by  Brown  et.  al.  and  others  (p  —  . 5  to 
2).  Comparing  the  directly  measured  value  of  p  from  the  Traub  and  Llinas 
model  with  the  estimated  p  of  Brown  et.  al.  is  valid  since  in  the  latter 
case  p  was  estimated  assuming  models  a  soma/short-cable  structures  with 
homogeneous  Am- 
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As  has  been  mentioned  earlier,  these  disparities  were  reconciled  by  intro¬ 
ducing  a  distinct  Rm-som a  and  Rm-dend-  Investigating  the  effect  of  varying 
Ri  was  also  useful.  Before  deriving  a  structure  which  was  consistent  with 
the  reported  data,  though,  deriving  the  analytical  response  of  the  general 
soma/short-cable  structure  (with  non- homogeneous  Rm)  is  necessary  so  that 
the  full  implications  of  varying  each  free  parameter  may  be  analyzed. 

3.11  Derivation  of  the  Frequency  Response  of  Soma/Short 
Cable  Structure  with  Non-homogeneous  Mem¬ 
brane  Resistivity 

So  far  I  have  presented  evidence  that  supports  using  a  spherical  isopotential 
soma  attached  to  a  short  dendritic  cable,  with  each  section  having  a  distinct 
membrane  resistivity,  in  order  to  represent  the  hippocampal  pyramidal  cell. 

This  representation,  as  diagrammed  in  Figure  3.8,  is  completely  specified  by 
the  parameters  Rm—toma »  Rm—dmdi  Rii  Cm,  fljomai  o,  B,  and  /. 

Different  investigators  have  considered  the  effect  of  the  extreme  values 
of  B:  B  =  1  (infinite  cable  termination)  and  B  ~  0  (open  circuit /sealed 
end  termination).  Assuming  that  the  distal  dendrite  processes  end  rather 
abruptly  is  common,  though,  and  therefore  the  sealed  end  assumption  is 
used,  as  is  done  in  the  present  analysis. 

To  investigate  the  effect  of  these  parameters  on  the  linear  transient  and 
steady-state  response  of  the  cell,  as  measured  from  the  soma,  I  derived  the 
frequency  response  of  this  circuit  as  follows. 

We  start  with  the  equation  for  the  linear  RC  cable. 

£l_v+^ 

ax 2  9T 

where  V  =  the  membrane  voltage  at  some  point,  X\  X  =  the  distance  along 
the  cable  from  the  soma,  z,  normalized  by  A;  T  =  the  normalized  time,  t/r; 
and  T  —  Rm—dendOm • 

The  Laplace  transform  of  the  second-order  partial  differential  equation 
is  taken  then* to  yield  the  second-order  ordinary  differential  equation 

<PV 

5F  =  “  +  1>V 

where  V  =  the  Laplace  transform  of  V. 
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Figure  3.8:  Circuit  topology  of  a  soma/short-cable  structure.  The  structure 
is  not  drawn  to  scale. 
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The  solution  to  this  equation  is 


V  =  Ae^x  +  Be-^x  (3.11) 

where  A  and  B  axe  constants  that  depend  on  the  boundary  conditions. 

Now  the  Laplace  transform  of  the  axial  current,  /a,  is  equal  to  the  change 
in  V  with  X  times  ra,  where 


Thus 


Ta  - 


A 

xa2 


L  = 


-1  dV 
TaXdX 


(3.12) 


dV 


Note  the  inclusion  of  X  since  X  is  the  normalized  distance.  Solving  for 


>n  Equation  3.12  (using  Equation  3.11),  we  obtain 


/.  =  — {At'SZ+'X  _  ge-yfi+ix  ) 
ra  X 


The  boundary  conditions  are  set  at  X  =  0  (at  the  soma),  and  X  =  L 
(at  the  end  of  the  cable).  At  the  soma,  the  axial  current  /„  is  equal  to  the 
sum  of  the  soma  currents  - 


Ia(.X  —  0)  —  itUmulut  — 


iomouiomo 


sVtomaC 


where  C'  is  the  capacitance  of  the  soma  normalized  by  the  dendrite  time 
constant  - 


C  = 


r dendrite  §  X 


(3.13) 


thus 


At  the  end  of  the  cable  since  the  terminating  admittance  =  0  then  /„  =  0, 


i a(X  =  L)  m  0 

=  I^±±l(Ae^L  -  Be~^L) 

l*d  A 
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so 


Ae^L  =  Be~^L 
B  =  Ae2^ 


Now  since 


V.o  m«  =  V(X  =  0) 
=  A  +  b 


then 


V.oma=M  l  +  e'^1) 


Solving  for  Igtimuhu  - 


(3.14) 

(3.15) 


(3.16) 


=  A(  1  +  e2^+TL)(Gt<wlo  +  -CO  +  i^4^(e2'^+TL  -  1)  (3.17) 

r»A 

Now  we  can  find  A  and  B  from  Equations  3.15  and  3.17  - 


A  = 


Iftimulua 


-  1)  +  (1  +  e2^t)(C«m,„  +  -CO 


(3.18) 


6=  _ i.timulu,*iy/**L _ 

£$.{e2VXiL  -!)  +  (!  +  +  -CO 

And  finally  from  Equations  3.16,  3.18,  and  3.19  we  obtain 


(3.19) 


y  _ _ /^M(l4t^) _ 

*0’na  ^I(c2v^Tl  -  1)  +  (1  +  e2'^)(G„ma  +  -CO 

which  gives  the  expression  for  the  input  impedance  as  seen  from  the  soma, 
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7  (c\  - 

^soma\s)  —  * 

^stimulus 

_ (1  +  e2^+lL) _ 

lg!(c2v^+T L  _  !)  +  (!  +  e2v^+Tl.)(G 

<oma  +  sC") 

In  more  compact  form  this  is 

Z.oma{s)  =  tanh(v/r+TX)  +  (G<emo  +  sC'))  *  (3.20) 

This  expression  for  Ztoma(s)  was  not  amenable  to  attempts  to  perform 
an  inverse  transformation.  However,  when 

R-m  —tom  a  —  Rm—dend 

that  is  for  the  case  of  a  homogeneous  membrane  time  constant,  the  expres¬ 
sion  for  Zt0ma(s)  simplifies  somewhat  and  the  inverse  transform  for  this  case 
has  been  derived.  This  is  a  rather  complicated  expression  involving  an  infi¬ 
nite  series,  each  term  of  which  involves  a  product  of  exponential  terms  and 
a  finite  summation  of  the  product  of  other  exponential  terms  with  parabolic 
cylinder  functions  ([27]). 

Since  an  analytical  expression  for  the  inverse  transform  of  the  soma 
response  could  not  be  obtained,  the  response  was  analyzed  in  two  ways 
-  examining  the  frequency  response  directly  and  using  DTFT  techniques 
to  estimate  the  temporal  response  (impulse  response  and  step  response). 
In  order  to  evaluate  the  frequency  response,  the  magnitude  and  phase  of 
Ztoma(s  =  jru>)  were  derived  (note  that  the  factor  of  r  is  required  because 
the  Laplace  transform  was  taken  with  respect  to  normalized  time).  So,  from 
Equation  3.20  - 


l \Zitu  +  T  /I  -  eVr>w+ 1L\  _1 

Ztomaijv)  =  jrj  (i  +  +  (Ggoma  +  (3.21) 


The  first  step  in  this  derivation  was  expressing  the  square  root  of  (jrv+ 
1)  in  rectangular  form  - 


58 


+  ^  +  isjr-1  +  ^\  +  (r“F 

Letting 


V  = 


y/l  +  (tv)2 
2 


V 


f-1  +  yj\  -t-  (ru>)2 
2 


the  exponential  terms  may  then  be  expanded  - 


e-2y/jrw+lL  _  e-2L(tl+ji') 

_  e~2Lt,(cos{2Lv)  -  j  Bin(2Li/)) 

Equation  3.21  can  be  rearranged  to  give  the  real  and  imaginary  parts 
of  the  frequency  response  - 


and  thus 


Z(ju>) 


<*  +  j0 
6  +  jl 

<*6  +  01  (-a-t +  06) 

d2  +  72  *  J  6*  +  72 


\Z(ju)\  = 


a2  +  02 

62  +  72 


where 


a  =  r„A[l  +  e~7Lr>  cos(2Lt')] 
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0  = -ra\e-2Lr>  sm(2Lv) 


6  =  r]+ra\Gtoma+e  2La[-T]cos(2Lv)-vsin(2Lt/)+ra\GtomaCos(2Li')+ra\TuCsin(2Li')] 


■y  =  i/+ra\ru>C+e~2La[r]sin(2Li/)- t>cos(2Li/)+ra\rwC  cos(2Lv)-ra\Gt0ma  sin(2 Lu)) 

These  formulas  were  used  to  see  how  varying  some  specific  parameters 
while  keeping  the  remainder  constant  changed  the  frequency  response.  In 
particular,  these  results  were  used  in  investigating  how  parameters  that  are 
derived  from  the  transient  response  are  affected  when  the  directly  measured 
parameters  are  kept  fixed  and  some  other  derived  parameter  is  varied  . 

To  summarize  the  results  so  far,  I  have  proposed  that  the  following 
parameters  are  either  known  with  a  fair  degree  of  assurance,  or  may  be 
estimated:  Cm,  Ri,  atoma,  Rin ,  t0,  B ,  and  a  limited  range  for  a  and  /  of 
the  equivalent  dendritic  cable.  On  the  other  hand,  I  have  shown  that  the 
reported  values  for  Rm  are  inconsistent  with  the  other  data  available  for 
these  cells,  and  in  fact  the  soma  and  the  dendrites  may  be  approximated  as 
having  distinct  membrane  resistivities. 

The  problem  of  estimating  the  geometry  of  the  model  is  therefore  deter¬ 
mined  by  the  following  constraints  -  estimate  for  the  soma  radius,  estimate 
for  the  range  of  cable  diameters,  estimate  for  the  cable  length,  input  re¬ 
sistance,  observed  time  constant,  estimate  of  membrane  capacitance,  and 
the  estimate  of  cytoplasmic  resistivity.  The  free  parameters  then  include 
Rm-tomai  Rm-dend^^  a.  The  results  of  this  estimation  will  be  presented 
in  the  next  section. 

3.12  Simulating  the  Step  Response  of  the  Brown 
et.  al.  Geometry  with  Alternative  Models 

Once  the  frequency  response  of  the  general  soma/short-cable  model  was 
derived,  I  attempted  to  find  different  values  for  the  membrane  resistivities 
and  the  cytoplasmic  resistivity  that  would  yield  step  responses  similar  to 
that  of  the  model  derived  from  the  Brown  et.  al.  parameters. 

The  constraints  included  atoma  =  17/zm,  Ri,  which  was  set  at  200  fi  cm, 
ro  =  19ms.  Rin  =  39MO,  and  Cm  =  1.0j/f/cm2.  Rm-dend  was  then  set  at 
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either  30,  40,  or  50  kfi  cm,  and  a,  was  set  at  either  5,  6,  or  7  pm.  For  a  given 
combination  of  Rm-dend  and  a  both  Rm-aoma  and  l  were  then  varied  until 
all  the  above  constraints  were  met.  For  this  analysis  the  electrode  shunt 
resistance  was  not  specified,  thus  Rtom a  reflected  both  the  leak  conductance 
of  the  soma  and  the  electrode  shunt  resistance. 

The  step  response  and  the  frequency  response  of  the  resulting  struc¬ 
ture  were  then  compared  with  that  derived  from  the  Brown  and  Perkel 
model.  The  parameters  were  adjusted  under  these  constraints  to  derive  sev¬ 
eral  structures  whose  time  response  was  consistent  with  the  data.  The  com¬ 
plete  parameters  for  these  structure  are  listed  in  Table  3.1.  The  responses  of 
these  structures  were  clustered  into  three  groups,  each  group  characterized 
by  a  common  value  for  a.  The  responses  for  structures  B,  C,  and  D  were 
almost  identical  to  each  other,  as  were  the  responses  of  structures  E  and 
F.  Therefore,  the  analysis  suggests  that  the  diameter  of  the  dendrite  cable 
was  the  most  sensitive  parameter  in  determining  the  linear  response  of  the 
soma-cable  structure. 

For  the  majority  of  the  simulations,  including  all  those  presented  in  this 
thesis,  version  “C”  of  the  model  structures  was  chosen  as  representative  of 
the  family  of  model  structures.  In  this  case  the  value  for  Rm-dend  of  40 
Kftcm2  is  a  similar  to  the  value  for  Rm-dend  (approximately  40  Kftcm2) 
estimated  by  Shelton  for  Purkinje  cells,  and  is  much  higher  than  the  values 
of  Rm  that  are  quoted  consistently  in  reports  on  hippocampal  pyramidal 
cells.  Also,  this  model  has  an  Ri  of  200  Hem,  which  is  also  in  line  with 
the  value  of  R{  estimated  by  Shelton,  as  described  earlier.  The  value  of  a 
(6.0/im)  and  l  (1200/im)  is  consistent  with  the  values  estimated  earlier  in 
the  chapter  (Section  3.8.2). 

The  step  responses  for  structures  A,  C,  and  F  and  that  derived  from  the 
Brown  et.  al.  data  are  shown  in  Figure  3.9.  An  expanded  view  of  these 
response  is  shown  in  Figure  3.10.  In  this  figure  the  effect  of  the  smaller 
soma  time  constant  in  the  model  structures  is  seen  as  the  response  of  these 
structures  initially  decay  much  faster  than  the  reference  structure.  However, 
as  shown  in  Figure  3.11,  all  four  responses  eventually  settle  into  a  single 
exponential  decay  with  the  same  time  constant  of  19  ms.  The  magnitude  of 
the  frequency,  responses  for  the  same  structures  are  shown  in  Figure  3.13, 
and  the  phase  of  the  frequency  responses  for  these  structures  are  shown  in 
Figure  3.12. 

There  are  several  interesting  features  of  these  simulations.  The  first  is 
that  the  values  of  p  and  L  vary  greatly  for  the  different  structures  -  between 
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Table  3.1:  Parameters  of  model  structures  derived  to  match  the  r0  (19  ms) 
and  Rin  (39  Mft)  of  the  Brown  et.  al.  data,  with  Ri  =  200  ft  cm  ,  atoma  = 
17/xm,  and  Cm  =  1.0  /if/cm2.  The  values  listed  for  structure  “C”  were 
chosen  for  the  model. 


Figure  3.9:  Normalized  response  to  injection  of  somatic  current  step  for 
Brown  et.  al.  structure  ,  and  representative  alternative  structures  (A,  C, 
and  F,  ref.  Table  3.1)  consistent  with  histological  measurements. 
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Figure  3.10:  Expanded  view  of  Figure  3.9,  showing  difference  in  the  initial 
part  of  the  somatic  current  step  responses. 


Figure  3.11:  Semi-log  plot  of  Figure  3.9,  showing  the  rapid  approach  to  a 
single  exponential  decay  (r0  =  19  ms)  for  all  the  structures. 
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Figure  3.12:  Phase  of  frequency  response  for  Brown  et.  al.  structure  ,  and 
representative  alternative  structures  (A,  C,  and  F,  ref.  Table  3.1)  consistent 
with  histological  measurements. 
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Figure  3.13:  Normalized  magnitude  of  frequency  response  for  for  Brown  et. 
al.  structure  ,  and  representative  alternative  structures  (A,  C,  and  F,  ref. 
Table  3.1)  consistent  with  histological  measurements. 


1.2  and  .43  for  p  and  between  .35  and  .57  for  L.  This  shows  that  the  methods 
typically  used  for  estimating  p  and  L  are  not  reliable  unless  the  cell  has  a 
homogeneous  membrane  time  constant. 

The  most  distinctive  difference  in  the  characteristics  of  the  structures 
with  a  non-homogeneous  membrane  time  constant  and  the  structure  based 
on  the  Brown  et.  al.  data  is  in  the  phase  of  the  frequency  response.  For  all 
the  structures  with  non-homogeneous  Rm  the  phase  deviates  from  that  of 
the  structure  with  homogeneous  at  a  frequency  of  about  100Hz.  This 
difference  does  not  manifest  itself  strongly  on  the  temporal  responses,  how¬ 
ever,  because  of  the  attenuated  response  above  100Hz. 

The  characteristics  of  the  phase  response  for  the  simulated  cell  structures 
suggest  that  evaluation  of  the  linear  parameters  discussed  in  this  chapter 
may  be  better  served  by  analyzing  the  frequency  response  of  the  cells  un¬ 
der  protocols  that  ensure  a  linear  response.  Since  the  interesting  part  of 
the  phase  response  occurs  at  frequencies  where  the  cell  impedance  is  rela¬ 
tively  small,  spectral  estimation  using  averaging  techniques  or  white-noise 
approaches  may  be  applicable. 

The  values  for  Rtoma  and  Rdendrite  differ  by  about  two  orders  of  magni¬ 
tude  in  all  the  derived  structures.  If  the  contribution  of  an  electrode  shunt 
is  considered,  this  difference  is  reduced,  but  by  only  a  factor  of  about  two 
since  the  typical  soma  resistance  (including  the  electrode  shunt  resistance) 
is  around  70  Mil  and  the  electrode  shunt  resistance  is  about  100  Mfl  as 
estimated  earlier. 

In  summary,  there  are  many  versions  of  the  soma/short-cable  model 
that  can  give  the  same  To  and  iZ,n  with  differences  in  the  distribution  of  Rm 
between  soma  and  dendrite,  and  realistic  variations  in  a.  Examination  of 
the  frequency  response  indicates  that  this  measurement  may  provide  a  way 
to  better  estimate  the  electrotonic  parameters  of  these  cells,  particularly 
under  the  assumption  of  non-homogeneous  membrane  resistivity.  While  the 
magnitude  of  the  frequency  responses  for  the  various  structures  are  rather 
similar,  the  phase  of  the  frequency  responses  differ  markedly,  and  this  metric 
may  be  usefully  exploited  in  order  to  better  estimate  the  linear  parameters 
of  the  soma/short-cable  model. 
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Figure  3.14:  Step  response  of  Soma-Cable  Structure  a)  Inverse  FFT  of  Ana¬ 
lytic  Solution  b)  Model  with  1  segment  c)  Model  with  2  segments  d)  Model 
with  3  segments  e)  Model  with  4  segments  f)  Model  with  5  segments 

3.13  Discrete  (Lumped)  Approximation  To  Den¬ 
dritic  Cables  and  Comparison  Of  HIPPO 
Results  To  Analytical  Solution  Of  Linear 
Cable  -  Dependence  Of  Segment  Dimensions 

Once  the  response  to  a  current  step  of  the  soma/short-cable  structure  was 
derived  from  the  inverse  DFT  of  the  analytical  frequency  response,  the  com- 
partmental  approximation  of  the  cable  was  evaluated  by  comparing  the 
model’s  response  in  current  clamp  simulations  to  the  estimated  response 
of  the  continuous  cable.  In  Figure  3.14  the  response  of  the  model  with  dif¬ 
ferent  numbers  of  compartments  is  compared  to  the  estimated  response.  As 
can  be  seen  in  the  figure,  the  response  of  the  model  with  5  segments  is  in 
very  good  agreement  with  the  estimated  response. 
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3.14  Summary  of  Results  from  the  Determina¬ 
tion  of  Electronic  Structure 

To  recapitulate,  the  HIPPO  model  electrotonic  parameters  are  as  follows: 

•  a.oma  =  17pm 

•  a  =  6.0pm 

•  /  =  1200pm 

•  Rshunt  =  100  Mfi 

•  Rm—toma  =  850  fi  Cm2 

•  Rm-dend  =  40  KQ  cm2 

•  Ri  =  200  flcm 

•  Cm  -  1.0pf/cm2 

•  5  =  0 

•  X  =  2450  pm 

•  L  =  .49 

•  p  =  .69 

•  r0  =  19  milliseconds 

•  Rin  —  39  Mfi 

•  Eieak  =  -70  millivolts 

3.15  Is  It  Important  to  Capture  Dendritic  Mor¬ 
phometric  Characteristics? 

The  results  described  here  tend  to  confirm  that  the  actual  geometry  of  the 
dendritic  tree  may  not  in  itself  be  critical  to  somatic  response.  For  example, 
the  Rail  reduction  is  reasonably  accurate  even  if  the  constraints  specified 
in  this  algorithm  are  not  met  exactly.  What  is  very  important,  however, 
is  the  various  parameters  that  characterize  the  tree  (or  its  equivalent  single 
cable)  as  a  whole,  that  is  as  a  lumped  element  (cable).  This  result  has  been 
reported  elsewhere  ([51]).  Specifically,  the  equivalent  cylinder  approxima¬ 
tion  works  well  even  when  the  constraints  on  subsequent  cable  diameters 
and  conservation  of  electrotonic  length  are  not  met  exactly.  The  parameters 
characterizing  that  cylinder  are  important  to  the  electrical  load  as  seen  by 
the  soma,  however,  and  can  have  a  large  effect  on  the  processing  of  infor¬ 
mation  that  occurs  there. 

As  shown,  the  assumption  of  a  homogeneous  membrane  time  constant 
allows  the  construction  of  a  soma/short-cable  approximation  of  the  pyrami¬ 
dal  cell  whose  linear  response  closely  matches  that  of  the  real  cell.  On  the 
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other  hand,  this  construction  is  inconsistent  with  histological  measurements, 
and  a  structure  with  a  non- homogeneous  membrane  time  constant  can  be 
proposed  which  successfully  addresses  these  problems. 

Although  the  two  constructions  yield  models  with  distinct  frequency  re¬ 
sponses,  the  significant  differences  occur  at  frequencies  that  are  substantially 
attenuated  in  both  structures,  so  that  the  step  responses  are  rather  similar. 
Why,  then,  is  it  important  to  revise  the  earlier  model  with  the  homogeneous 
membrane  time  constant?  As  shown,  although  the  somatic  responses  of 
the  two  models  are  similar,  the  values  of  p  and  L  are  very  different.  This 
is  important  when  considering  the  role  of  the  dendritic  tree  in  integrating 
synaptic  input.  In  particular,  the  smaller  L  that  has  been  suggested  in  the 
present  study  indicates  that  the  dendritic  tree  is  more  electrically  compact 
that  previously  thought.  In  functional  terms,  this  means  that  there  is  less 
distinction,  from  the  point  of  view  of  the  soma,  between  distal  and  proxi¬ 
mal  dendritic  input.  This  could  enhance  the  computational  flexibility  of  the 
dendritic  tree  since  a  fundamental  limit  such  as  linear  attenuation  of  EPSPs 
and  (possibly)  IPSPs  will  be  reduced  by  the  smaller  L ,  and  selective  en¬ 
abling/disabling  of  various  sections  of  the  tree  could  be  accomplished  more 
effectively  by  non-linear  mechanisms  (e.g.  other  synapses). 

The  effect  of  the  lower  p  that  is  indicated  in  the  present  study  is  to 
reduce  the  burden  on  the  somatic  conductances  imposed  by  the  dendritic 
load,  for  example  during  the  spike  depolarization  and  repolarization. 
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Chapter  4 


APPLYING  THE 
HODGKIN-HUXLEY  (HH) 
MODEL  OF  IONIC 
CHANNELS  TO 
PUTATIVE 
HIPPOCAMPAL 
CURRENTS 


4.1  Introduction 

.•mi  extension  of  the  Hodgkin- Huxley  (HH)  model  of  ionic  channels  in  the 
s^uid  axon  ([21]. [20]. [22]. [23])  is  the  foundation  for  the  description  of  the 
hippocampal  pyramidal  cell  ion  channels  that  are  used  in  the  model.  This 
c  mes  about  in  two  ways.  First,  many  of  the  currents  that  have  been  de- 
st'ibed  in  the  literature  have  been  fitted  to  HH-like  models  to  start  with. 
Second,  when^his  model  has  been  used  either  to  augment  sparse  voltage 
clamp  data  on  a  particular  current  or  to  propose  currents  whose  existence 
is  defended  purely  on  phenomenological  grounds,  these  currents  have  been 
constructed  using  HH-like  mechanisms.  Examining  the  HH  model  in  detail 
is  therefore  important  in  order  to  establish  some  of  the  key  assumptions  in 
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the  HIPPO  model. 


4.2  Background  of  the  HH  Model 

In  the  early  1950‘s  Hodgkin  and  Huxley  postulated  that  the  electrical  ac¬ 
tivity  of  the  squid  axon  was  due  to  two  time-dependent  non-linear  conduc¬ 
tances.  one  of  which  was  specific  to  Aa+  ions  and  another  which  was  specific 
to  A'+  ions.  This  result  was  based  of  data  obtained  with  the  newly-developed 
voltage  clamp  method  for  measuring  electrical  properties  of  non-linear  mem¬ 
branes.  Using  the  voltage  clamp  protocol  and  various  manipulations,  includ¬ 
ing  replacement  of  the  .XaCI  in  the  external  medium  with  choline  chloride 
to  eliminate  the  .Vo+  current.  Hodgkin  and  Huxley  measured  the  time- 
constants  and  the  steady  state  values  for  the  two  conductances  as  a  function 
of  the  membrane  voltage. 

Noting  the  sigmoidal  characteristic  of  the  activation  of  the  .Xa+  channel 
as  the  membrane  was  depolarized,  and  the  fact  that  the  channel  inactivated 
a  short  time  after  ii  was  activated,  a  model  for  the  .Vo+  channel  was  derived 
that  included  four  "gating"  particles  (three  so-called  m  activation  particles 
and  one  h  inactivation  particle).  These  particles  can  be  thought  of  as  distinct 
regions  of  the  channel  protein,  each  of  which  can  be  in  one  of  two  stable 
conformations  or  states,  conducting  (open)  or  non-conducting  (closed ).  For 
a  given  channel  to  conduct,  all  of  its  gating  particles  must  be  in  the  open 
state.  The  macroscopic  conductance  of  the  A  o+  channel.  g\a.  was  expressed 
as 


9\o  =  n>3hgxo 

where  0  <  m.h  <  1  and  g\a  is  the  maximum  conductance  for  the  ensemble 
of  .Yo+  channels  in  the  membrane.  Hodgkin  and  Huxley  determined  that 
the  transition  between  states  is  governed  by  first  order  kinetics,  and  the  rate 
constants  for  this  transition  are  functions  of  voltage,  as  will  be  described 
later.  The  likelihood  of  whether  a  given  particle  will  be  open  or  closed  is 
therefore  also  a  function  of  voltage. 

The  sigmoidal  activation  characteristic  under  voltage  clamp  arises  from 
the  third  pow&  of  the  m  gating  particle.  This  number  was  determined 
by  Hodgkin  and  Huxley  by  fitting  powers  of  exponential  relaxations  to  the 
observed  kinetics.  In  a  similar  manner,  the  macroscopic  conductance  of  the 
A'+  channel  in  the  squid  axon  was  described  as  being  determined  by  four 
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gating  particles,  n.  The  macroscopic  conductance  of  the  A'+  channel  was 
expressed  as  - 


9K  =  n49K 

where  g k  is  the  absolute  conductance  for  the  ensemble  of  A’+  channels  in 
the  membrane. 

The  transient  behavior  of  the  Na+  channel  during  excitation  of  the  neu¬ 
ron.  through  its  activation  and  subsequent  inactivation,  was  explained  by 
the  voltage  dependencies  of  m  and  h.  and  the  different  voltage-dependent 
functions  for  the  time  constants  of  m  and  h.  The  steady  state  value  of  m 
is  a  monotonically  increasing  function  of  the  membrane  voltage,  while  the 
steady  state  value  of  h  is  a  monotonically  decreasing  function  of  the  mem¬ 
brane  voltage.  In  addition,  the  time  constant  for  m  is  smaller  than  the  time 
constant  for  h  at  a  given  voltage.  The  result  is  that  on  depolarization  m 
will  adapt  to  its  (more  open)  steady  state  value  quickly  while  h  will  lag  be¬ 
hind  in  its  (more  open)  hyperpolarized  steady  state.  The  channel  will  begin 
to  conduct  with  the  increase  of  m.  In  a  short  time,  however,  h  will  relax 
to  its  (more  closed)  steady-state  value  at  the  new  (depolarized)  membrane 
voltage.  Even  though  the  three  m  "particles’’  are  in  the  open  state,  the 
subsequent  closing  of  the  single  h  "particle”  will  shut  the  channel  down  and 
turn  off  the  .Yo+  current  . 

Once  Hodgkin  and  Huxley  had  a  description  of  these  two  non-linear 
conductances  and  the  linear  parameters  of  the  cell,  they  were  able  to  nu¬ 
merically  reconstruct  the  action  potential  in  the  squid  axon.  In  the  model 
of  the  hippocampal  pyramidal  neuron,  several  distinct  currents,  mediated 
by  different  ions,  are  described  using  variants  on  the  HH  model  theme. 


4.3  Extension  of  the  HH  Description  to  Pyrami¬ 
dal  Hippocampal  Cells 

The  Hodgkin  and  Huxley  model  approach  can  be  extended1  to  describe 
some  of  the  currents  found  in  other  electrically  non-linear  cells.  Analysis 
of  other  currents  is  undertaken  here  under  the  assumption  that  they  are 
based  on  mechanisms  which  undergo  first-order  kinetic  transformations  be¬ 
tween  cpnducting  states  and  non-conducting  states.  By  both  qualitative  and 
quantitative  analysis,  plausible  mechanisms  underlying  non-linear  currents 

'The  notion  that  this  report  "extends-  on  the  HH  model  is  discussed  in  Section  4.8. 
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may  be  deduced.  These  descriptions  are  typically  based  initially  on  voliage 
clamp  data.  As  will  be  explained  shortly,  this  protocol  can  measure  the 
time  constants  and  steady  state  values  for  the  kinetic  events  controlling  the 
conductances  behind  these  currents,  assuming  that,  indeed,  such  a  kinetic 
description  is  valid. 

4.3.1  The  Voltage-Dependent  First-Order  Kinetics  of  HH- 
like  Conductances 

To  recapitulate,  in  the  HH  model  each  current  in  the  electrically-active  cell 
is  assumed  to  correspond  to  a  specific  type  of  ionic  channel,  which  in  turn 
is  comprised  of  a  protein  conglomeration  that  traverses  the  membrane.  In 
each  channel  ions  travel  through  a  luminal  trans-membrane  aqueous  phase, 
driven  by  the  driving  potential  for  the  channel.  As  reviewed  in  Chapter 
2.  this  driving  potential  is  a  function  of  the  membrane  voltage  and  the 
trans-membrane  concentration  gradient  of  the  carrier  for  that  conductance, 
according  to  the  Nernst  equal  ion  or  the  Xernst -Goldman  equation. 

The  transitions  of  the  particles  between  states  are  governed  by  first- 
order  kinetics.  Each  state  or  conformation  corresponds  to  a  free-energy 
well,  with  a  single  high-energy  rate-determining  barrier  between  the  two 
states.  Movement  of  ihe  gating  particles  between  stales  is  assumed  to  be 
accompanied  by  a  movement  of  charge,  causing  the  state-transiiion  kinetic-* 
to  be  dependent  on  the  membrane  voltage.  These  gating  particle*,  are  region** 
of  the  protein  thal  (a )  can  reversibly  mediate  the  conductivity  of  the  channel, 
possibly  via  sleric  factors,  and  (b)  have  a  sufficient  dipole  moment  and 
freedom  of  movement  so  that  they  may  act  as  volt  age- sen  sots,  changing  the 
conformation  of  the  protein  or  protein  group  as  a  function  of  the  electric  field 
across  the  channel.  The  magnitude  of  the  voltage  dependence  is  derived  from 
the  Boltzmann  equation  which  specifies  the  probabilities  of  state  occupancies 
according  to  the  free  energies  of  the  states. 

In  practice,  voltage  clamp  protocols,  in  which  the  membrane  relaxation 
currents  are  measured  as  the  cell  membrane  is  "clamped"  at  different  poten¬ 
tials  with  a  microelectrode,  are  used  to  measure  the  kinetics  of  the  various 
currents.  This  technique  assumes  that  the  kinetics  of  different  currenls  can 
be  measured  independently.  either  because  different  currents  are  activated 
over  non-overlapping  membrane  voltages,  because  the  time  courses  are  dis¬ 
tinct.  or  because  the  currents  have  distinct  pharmocological  sensitivities. 
Implicit  in  this  approach  is  the  assumption  that  different  currents  interact 
only  through  the  membrane  voltage.  In  fact,  in  the  rase  of  currents  which 


are  dependent  on  the  movement  of  Ca+ +  into  the  cell  simple  voltage-clamp 
measurements  may  give  misleading  results.  Whatever  independence  exists 
between  the  different  currents  is  exploited  by  the  electrophysiologist  as  he 
devises  protocols  for  intracellular  measurements. 

The  macroscopic  conductance  of  given  type  of  channel  is  determined  by 
the  proportion  of  channels  in  the  open  state,  the  conductance  of  a  single 
channel,  and  the  total  number  of  channels  of  that  type  in  the  membrane. 
For  example,  if  the  conductance  of  some  channel  Y  is  controlled  by  a  single 
gating  particle,  and  the  proportion  of  open  gating  particles  is  x.  then  the 
macroscopic  conductance  of  that  channel  type  is  expressed  by 


gy  =  t  •  gy 

where  gy  is  the  actual  conductance  for  the  channel  current  Iy.  and  gy  is 
the  maximum  conductance  for  that  current.  The  factor  x  is  equivalent  to 
the  probability  that  the  gating  particle  for  a  single  channel  will  be  in  the 
open  state.  As  will  be  shown,  x  is  both  a  function  of  the  membrane  voltage 
and  of  time. 

The  macroscopic  voltage-  and  time-dependence  of  the  channel  conduc¬ 
tance  arises  from  the  first-order  kinetics  that  the  gating  particles  obey  in 
their  transition  between  their  open  and  closed  states. 

closed  ( 1  -  x )  =  open  ( x ) 

Here  x  represents  the  fraction  of  channels  in  the  open  state,  and  1  -  x 
represents  the  fraction  of  channels  in  the  closed  state,  o  and  1  are  the 
forward  and  backward  rate  constants  for  the  reaction,  respectively.  This 
relationship  yields  the  simple  differential  equation  relating  the  derivative  of 
x(/).  .r(/).  with  the  steady  state  value  of  x.  x*.  and  the  time  constant  for 
the  reaction.  tt  - 


i(1)  — 


*>.  ~  -»'(') 


where  x*  and  rT  can  be  expressed  in  terms  of  the  rate  constants  a  and  3  - 
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Figure  4.1:  Energy  diagram  for  gating  particle  states  with  no  applied  mem¬ 
brane  voltage.  The  stable  open  and  closed  states  correspond  to  the  low- 
energy  wells.  The  high-energy  transition  state  is  the  rate-limiting  step.  * . 
which  is  the  relative  position  of  the  transition  state  within  the  membrane, 
can  be  between  0  and  1. 

As  will  be  discussed  later  in  the  sections  on  the  various  non-linear  cur¬ 
rents  in  the  model,  in  the  literature  current  kinetics  are  occasionally  de¬ 
termined  empirically  in  terms  of  an  “o  -  3~  type  formulation.  For  most 
currents,  however,  the  voltage  dependence  of  x and  tt  is  the  figure  that  is 
reported. 

The  energy  profile  for  a  gating  particle  in  the  single  barrier  model  is 
shown  in  Figure  4.1. 

As  mentioned  earlier,  the  rate  constants  for  the  transitions  from  one  side 
of  the  reaction  coordinate  to  the  other  is  given  by  the  Boltzmann  equation, 
which  is  a  function  of  the  difference  between  the  energy  of  the  rate-limiting 
step  and  the  initial  state.  The  expression  for  the  forward  rate  constant  in 
the  absence  of  antapplied  voltage,  oq.  is  - 


Oq 


(4.1) 


where  A6‘  is  the  free-energy  difference  between  the  closed  state  and  the 
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Figure  4.2:  Energy  diagram  with  applied  voltage  AV  across  the  membrane. 


transition  state.  R  is  the  gas  constant.  T  is  the  absolute  temperature,  and 
C  is  a  constant. 

The  voltage-dependence  of  the  kinetics  arises  from  the  distortion  of  the 
above  energy  diagram  when  a  voltage  is  applied  across  the  membrane,  as 
shown  in  Figure  4.2.  The  applied  voltage  changes  the  difference  in  free 
energy  between  the  stable  states  and  the  transition  state.  The  effect  of  the 
voltage  is  reflected  in  the  expression  for  the  rate  constants  as  follows  - 

o  =  Q0<-'*^  (4.2) 


j= 


(4.3) 


where  . 


±VF 

RT 


(4.4) 


r  is  the  effective  valence  of  the  gating  particle,  and  *  is  the  position  of  the 
transition  state  within  the  membrane,  normalized  to  the  membrane  thick¬ 
ness.  is  equal  to  V  -  li.  where  V  is  the  meinbianc  voltage  and  is 
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Figure  -4.3:  The  steady-state  (j  ^  )  curve  for  the  hypothetical  gating  particle 


J.  :  =  X.  \ \  =  -20m T. 
2 


the  membrane  voltage  at  which  o  equals  ci0  and  J  equals  ( [2G] ).  F  is 
Faraday's  constant.  Normally.  o0  and  Jo  are  taken  as  equal.  This  can  be 
reconciled  with  the  different  energies  of  the  stable  states  as  shown  in  Figure 
4.2  by  adjusting  Vi . 

Since  the  backward  and  forward  rate  constants  are  functions  of  the  mem¬ 
brane  voltage,  the  values  for  the  time  constant  and  the  mean  steady-state 
(from  now  on  referred  to  as  the  steady-state  curve)  are  also  functions  of  volt¬ 
age.  The  resulting  expression  for  steady-state  curve  is  a  sigmoidal  function 


This  type  of  characteristic  is  shown  in  Figure  4.3. 

The  expression  for  the  time  constant  is  a  skewed  bell-shaped  function  of 
the  voltage  - 


o0  +  J0f":^ 


Figure  4.-1:  The  time  constant  (r,  )  curve  for  the  gating  particle  x.  with 
r0  =  0  and  0..'Jniilli seconds,  r  =  s.  l'i  =  -20ml  .  *  =  0.3. 

An  example  of  such  a  function  for  the  time  constant  is  shown  in  Figure 
4.4.  As  referred  to  earlier,  including  an  additional  assumption  of  a  linear 
rate-limiting  mechanism  on  the  gating  particle  transition  was  useful.  For 
example,  drag  on  the  gating  portion  of  the  protein  as  it  changes  conformation 
will  place  an  upper  limit  on  the  rate  constants  of  the  gating  transitions.  As 
the  rate  constants  defined  by  the  Boltzmann  equation  increase  exponentially 
with  voltage,  an  assumption  was  maa°  that  at  some  point  other  intrinsic 
aspects  of  the  channel  protein  would  prevent  an  arbitrarily  fast  transition. 
For  the  simulations  this  factor  was.  as  a  first  approximation,  taken  as  a 
specific  constant  minimum  value  for  the  time  constant,  tq.  for  each  of  the 
current's  gating  particles.  This  is  illustrated  in  Figure  4.4. 

4.3.2  Activation  and  Inactivation  Gating  Particles 

4# 

There  are  two  types  of  gating  particles:  activation  gating  particles  (activa¬ 
tion  varfable)  and  inactivation  gating  particles  (inactivation  variable).  The 
steady  state  curve  for  an  activation  particle  increases  with  depolarization: 
the  steady  stale  curve  for  an  inactivation  particle  decreases  with  depolar- 
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ization.  This  characteristic  is  determined  by  the  6ign  of  z  -  positive  for 
an  activation  particle  and  negative  for  an  inactivation  particle.  The  activa¬ 
tion  and  inactivation  particles  therefore  have  opposite  effects  on  the  channel 
conductance  with  depolarization  -  the  activation  particle  opens  on  depolar¬ 
ization  and  the  inactivation  particle  closes  on  depolarization. 

4.3.3  Transient  and  Persistent  Channels 

The  type  of  gating  particles  in  a  channel  determine  whether  it  is  a  transient 
channel  or  a  persistent  channel.  A  persistent  channel  has  only  activation 
particles:  this  type  of  channel  will  stay  open  upon  prolonged  depolarization. 
A  transient  channel,  on  the  other  hand,  is  only  open  for  a  limited  time  upon 
depolarization:  a  typical  scenario  is  that  upon  depolarization  the  (typically 
faster)  activation  particles  relax  to  their  open  state  and  thus,  along  with  the 
already  open  (because  of  the  lowe.  Holding  potential)  inactivation  particles, 
the  channel  conducts.  After  some  delay  the  slower  inactivation  particles 
relax  to  their  closed  position  at  the  depolarized  level,  and  thus  close  the 
channel. 


4.3.4  Activation/De-inactivation  and  Inactivation /Deactivation 

Recall  that  fora  given  channel  to  conduct,  all  of  its  gating  panicles  musl  be 
in  the  open  position,  regardless  of  whether  they  are  classified  as  activation 
or  inactivation  particles.  When  de>cribing  the  change  of  the  ronductance 
stale  of  a  channel,  then,  some  clarification  of  nomenclature  i'  useful.  When 
a  channel  goes  into  the  conducting  state  because  of  the  movement  of  an 
activation  particle  into  its  open  position  (state),  then  the  process  is  called 
activation.  When  a  channel  goes  into  the  conducting  state  because  of  the 
movement  of  an  inactivation  particle  into  its  open  position,  then  the  process 
is  called  de-inactv ation.  When  a  channel  goes  into  the  non-conducting  state 
because  ol  the  movement  of  an  inactivation  particle  into  its  closed  position, 
then  the  process  is  called  inactivation.  And  finally,  when  a  channel  goes  into 
the  non-condu ’ting  state  because  of  the  movement  of  an  activation  particle 
into  its  closed  position,  then  the  process  is  called  deactivation. 
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4.4  Fitting  the  HH  Parameters  to  Putative  Cur¬ 
rent  Kinetics 

Fitting  t lie  HH  model  to  t lie  behavior  of  a  given  current  began  under  the 
assumption  that  t he  channel  responsible  for  the  current  had  only  one  or  two 
types  of  gating  particles  -  either  there  was  a  single  activation  particle  or  there 
was  an  activation  particle  with  an  inactivation  particle.  The  number  of  any 
given  particle  ir.  a  single  channel  was  constrained  to  be  at  the  most  four, 
but  in  practice  the  inclusion  of  more  than  four  duplicate  gating  particles 
had  little  effect  on  the  overall  kinetics  of  a  channel. 

The  first  step  in  formulating  the  expression  for  a  given  current  was 
to  determine  its  activation /deactivation  and/or  inactivation/de-inactivation 
properties.  By  examining  voltage  clamp  and/or  current  clamp  records,  the 
relevant  questions  were  as  follows: 

1.  Does  the  conductance  in  question  increase  on  depolarization,  indepen¬ 
dent  of  factors  such  as  ('a7+  entry?  If  so.  then  the  conductance  is 
likely  controlled  by  at  least  one  activation  particle. 

2.  Is  the  conductance  transient,  i.e.  is  the  conductance  removed  afteT 
activation  without  repolarization?  If  so.  1  hen  the  conductance  is  likely 
mediated  by  at  least  one  inactivation  parlicle. 

3.  Is  there  any  relationship  between  the  activation  of  Co2+  and  ihe  pres¬ 
ence  of  the  current  in  question?  If  so.  the  possibility  that  such  a 
relationship  may  mimic  or  mask  voltage-dependent  aclivation  or  inac¬ 
tivation  must  be  considered. 

Once  the  basic  type  of  particles  that  govern  the  channel  were  determined, 
it  remained  to  estimate  the  parameters  for  each  particle.  For  each  gating 
particle  (for  each  current )  the  free  parameters  included: 

•  1/.  -  the  voltage  at  which  o  and  3  are  equal 
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•  *  -  a  measure  of  the  symmetry  of  the  system  (0  <  *  <  1 ) 

•  r  -  ihe  effective  valence  of  the  gating  particle  (typically  c  ranged  from 
3*to  30) 

•  Go  -  the  forward  rate  const ani  when  1=1/ 
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•  Jo  -  the  backward  rate  constant  when  V  =  Vj 
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•  t0  -  the  minimum  time  constant  of  the  gating  particle  (typically  r0 
ranged  from  0.5  milliseconds  to  4.0  milliseconds) 

The  first  step  in  fitting  the  parameters  was  to  adjust  the  steady-state 
activation  and  inactivation  curves  according  lo  the  available  data.  For  some 
currents  there  was  more  or  less  complete  voltage  clamp  measurements  of 
these  curves,  while  for  others  only  the  steady-state  conductance  as  a  function 
of  voltage  was  available  (ref.  .Va+  currents.  Chapter  x).  Note  that  in 
the  latter  case,  if  the  current  in  question  is  transient  then  the  steady-state 
conductance  will  be  a  measure  of  the  product  of  the  some  power  of  an 
activation  variable  and  some  power  of  an  inactivation  variable  (the  window 
current ).  As  referred  to  earlier.  Go  was  taken  as  equal  to  Jo  in  the  estimations 
of  current  kinetics,  with  no  loss  of  generality. 

Adjusting  the  sleady-siate  curve  for  a  gating  particle  is  straightforward. 

1  \  is  simply  the  voltage  where  the  steady-state  curve  is  equal  to  0.5.  as 
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implied  in  Equation  4.5  and  shown  in  Figure  4.3.  Once  V;  is  estimated,  z 
is  then  adjusted  to  set  the  steepness  of  the  steady-state  curve  as  required. 

Unless  good  measurements  on  the  time  constant  for  a  current  were  avail¬ 
able.  manipulating  the  remaining  parameters  to  yield  different  functions  of 
the  time  constant  was  often  a  tricky  procedure.  The  data  for  each  current 
gave  different  clues  as  to  the  form  of  this  function,  and  for  some  currenls 
it  was  not  possible  to  derive  a  unique  function  until  ihe  current  was  re¬ 
evaluated  in  light  of  modified  description  of  another  current.  In  a  few  cases, 
however,  a  particular  function  for  a  particular  variable  turned  out  to  be  not 
critical  (e.g.  the  y  gating  particle  for  Idr-  whose  time  constant  only  had  to 
be  greater  than  some  value,  irregarless  of  voltage). 

4.4.1  Effect  of  Gating  Particle  Valence 

Observing  how  the  variation  in  the  free  parameters  affects  the  steady-state 
and  time  constant  curves  is  instructive  since  this  process  was  integral  to  the 
development  of  the  conductance  mechanisms.  Figures  4.5  and  4.6  illustrate 
how  the  different  values  of  r  change  the  steepness  of  the  steady-state  curve 
and  the  sharpness  of  the  time  constant  curve. 


Figurp  4.5:  Effort  of  t lie  valence,  c.  of  the  gating  particle,  .r.  on  the  ,rx 
curve.  Note  that  this  is  an  activation  gating  particle.  I \  =  —20ml". 


F  iaurp  -1.0:  Effect  of  the  valence.  r.  of  t lie  ^al ins,  |>artic!e.  x.  on  the  tt  curve. 
'  i  =  —  20/// 1  .  The  time  scale  is  arbitrary  Mine  it  is  linearly  scaled  bv  a0. 
"o  is  set  to  0.  and  *  is  set  to  O.o. 
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Figure  -1.7:  Effect  of  the  relative  position.  of  the  transition  state  within 
the  membrane  for  the  gating  particle,  r.  on  the  rT  curve,  r  =  16  and 
\\  =  -20 mV.  The  time  scale  is  arbitrary,  as  in  Figure  x.  r0  is  set  to  0. 

4.4.2  Effect  of  Gating  Particle  Symmetry 

Figure  -1.7  illustrates  how  the  symmetry  of  the  system,  as  specified  by  '■ . 
affects  the  curve  for  the  time  constant  for  r  =  16.  Extreme  values  of  (i.e. 
close  to  1  or  0)  cause  the  time  constant  to  change  abruptly  at  some  voltage 
so.  to  a  first  approximation,  as  a  function  of  voltage  the  time  constant 
is  either  large  or  relatively  small.  This  sort  of  characteristic  was  used  to 
advantage  in  constructing  some  of  the  current  kinetics.  For  example,  as  will 
be  outlined  in  Chapter  5.  the  inactivation  time  constant  for  one  of  the  .Ya+ 
currents.  /\0_r(,,.  needed  such  a  precipitous  characteristic  in  order  that  it 
reproduce  repetitive  .Yo+-only  spikes. 

4.4.3  EffecU.of  the  Number  of  Gating  Particles  in  a  Given 
Channel 

More  than  one  gating  particle  in  a  single  channel  causes  a  delay  in  the  net 
effect  of  that  particle  type  when  the  membrane  voltage  changes.  This  delay 


increases  with  the  number  of  particles  in  the  channel.  Increasing  the  order 
(the  number  per  channel)  of  the  particle  also  makes  the  (effective)  steady- 
state  curve  steeper  and  more  depolarized  (hyperpolarized)  for  activation 
(inactivation)  particles. 

Another  important  effect  of  the  number  of  gating  particles  i*  how  the 
resulting  steady-state  characteristic  changes.  Specifically,  the  activation  or 
inactivation  curves  measured  with  the  voltage-clamp  protocol  do  not  indicate 
the  voltage-dependent  steady-state  characteristics  of  each  particle.  Rather, 
the  resulting  curves  reflect  the  behavior  of  the  ensemble  of  particles,  a  point 
that  is  not  often  made  clear  in  the  literature.  If  a  channel  is  assumed  lo 
be  governed  by  N  activation  particles,  for  example,  then  the  steady-state 
curve  for  a  single  activation  particle  is  found  bv  taking  the  Nth  root  of  the 
(overall)  steady-state  activation  characteristic. 

In  the  following  chapters  the  voltage-dependent  steady-state  curves  for 
both  the  individual  gating  particles  for  each  current  will  be  illustrated.  In 
addition,  the  apparent  steady-state  curve  of  the  appropriate  ensemble  of  gat¬ 
ing  particles  will  be  illustrated  (depending  on  the  number  of  gating  particlps 
assigned  to  a  given  conductance),  as  might  be  measured  by  the  voltage- 
clamp  protocols. 

4.5  Procedure  for  Fitting  HH  Parameters 

The  parameters  governing  the  kinetics  of  each  current  in  the  model  were 
determined  according  to  the  data  for  a  given  current.  At  one  extreme. 
noii-ambiguou>  voltage  clamp  data  that  was  almost  complete  specified  most 
the  relevant  parameters  -  for  example  the  steady-state  activation  curves 
for  1q  and  I\j.  At  the  other  extreme,  for  example  for  the  putative  A 'a+ 
currents,  only  meager  voltage  clamp  data  was  available,  augmented  by  ex¬ 
tensive.  though  much  more  ambiguous,  current  clamp  data.  In  these  cases 
the  steady-state  activation  curve  or  activation  and  inactivation  curves  as 
appropriate,  had  to  be  estimated  and  then  checked  with  steady-state  volt¬ 
age  clamp  simulations.  The  functions  for  the  time  constants  would  then  be 
estimated,  consistent  with  the  z  and  Vi  parameters  that  had  been  set  by 
the  steady -stat^  characteristics.  Simulations  would  then  be  used  to  check 
the  resulting  kinetics  and.  if  necessary,  the  functions  would  be  modified  (e.g. 
changing  *,  or  Qo)  to  yield  better  behavior.  For  all  the  currents  specific  time 
constant  data  was  either  incomplete  or  non-existent.  These  functions  were 
iteratively  derived  by  running  current  clamp  simulations  of  certain  proto- 


cols  for  which  1  had  data  to  compare  the  model  behavior  with.  Note  that 
these  parameters  amount  to  verifiable  predictions  of  the  model,  assuming 
that  experimental  protocols  may  be  devised  that  record  the  time  and  voltage 
dependence  of  different  currents  in  isolation. 

In  Chapters  o.  6  and  7  the  parameters  for  the  model  currents  will  be 
presented,  along  with  the  resulting  curves  for  the  steady-state  and  time 
constant  functions. 


4.6  Temperature  Dependence  of  the  Gating  Ki¬ 
netics 

Temperature  dependence  of  the  kinetics  described  here  has  several  elements, 
all  of  which  ultimately  derive  from  the  temperature  term  in  the  Boltzmann 
distribution  (eqns.  4.1  and  4.4).  However,  some  of  these  relationships  are 
handled  explicitly  while  others  are  estimated. 

Consider  the  expression  for  the  forward  and  backward  rate  constants,  o 
and  J  (ref.  eqns.  4.2  and  4.3).  Each  expression  evaluates  to  the  maximum  of 
two  expressions,  a  product  of  two  terms  and  (in  the  current  approximation) 
a  voltage-independent  rate-limiting  term.  The  product  is  formed  by  a  base 
reaction  rate  term  that  ultimately  derives  from  a  Boltzmann  distribution, 
although  the  factors  in  this  expression  are  not  specified.  The  second,  voltage- 
dependeni  term  in  the  product  is  also  a  Boltzmann  distribution,  however, 
as  has  been  shown,  each  term  in  this  distribution  is  specified.  Therefore, 
the  temperature  dependence  of  the  base  rate  is  undefined  while  this  depen¬ 
dence  for  the  voltage-dependent  term  is  explicit.  Likewise,  the  temperature 
dependence  (if  any)  of  the  rate-limiting  term  is  undefined. 

The  base  rate  term  and  the  rate-limiting  term  the  temperature  depen¬ 
dence  was  therefore  assumed  to  be  similar  to  that  generally  observed  for 
biologic  reactions,  where  a  Qjo  of  3  is  typical  2.  This  factor  is  used  to  derive 
a  coefficient  for  the  rate  constants  as  follows: 

QlO- factor  =  Qld*1 

where  T  is  th%  temperature  and  Tq  is  the  temperature  at  which  Qo.6o*« 
is  determined.  Qw-factor  is  then  multiplied  with  the  both  the  base  rate 

*Th  is  factor  is  dependent  on  different  currents,  as  appropriate  The  Qjo  for  1st  is  set 
to  5.  based  on  Halliwell  and  Adams.  19SJ  [16].  and  the  Q\o  for  the  .Vo+  currenis  was  also 
set  to  5  in  order  to  improve  the  performance  of  the  model. 
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term  and  the  rate-limiting  term  as  a  first  approximation  to  the  effect  of 
temperature  of  these  terms. 

Note  that  the  temperature  dependence  that  derives  from  the  voltage- 
dependent  lerni  is  (by  definition)  voltage-dependent.  The  effect  of  the  tem¬ 
perature  on  this  term  disappears  when  the  membrane  voltage  is  equal  to 

Vi  for  a  given  gating  particle,  and  the  effect  on  the  voltage-dependent  term 

2 

increases  as  the  membrane  voltage  moves  away  from  l'i  .  However  for  most 
gating  particles  of  the  model  this  effect  is  smaller  than  the  Qio- factor-  due 
to  the  small  value  of  2. 

Another  temperature  dependence  arises  from  the  coefficient  of  the  expo¬ 
nential  term  of  the  Boltzmann  expression.  To  a  first  approximation  this  is 
typically  taken  to  be  a  constant  (as  is  done  in  this  model).  However,  review¬ 
ing  the  significance  of  this  term  is  instructive.  This  term  is  the  “pacemaker" 
for  the  reaction,  as  it  denotes  the  effective  state  transition  frequency,  whereas 
the  exponential  term  (as  explained  before)  relates  the  probability  of  reach¬ 
ing  a  given  state  after  a  transition.  According  to  Eyring  Rate  Theory  ([19]) 
this  pacemaker  term  is  proportional  to  the  temperature  (derived  from  the 
frequency  of  molecular  vibrations  =  kT/h.  where  k  and  h  are  Boltzmann's 
constant  and  Plank's  constant,  respectively). 

This  term  contributes  a  linear  temperature  dependence  of  the  rate  con¬ 
stants.  whereas  the  previous  temperature-related  terms  were  exponential 
functions  of  temperature.  Considering  that  temperature  is  in  degrees  Kelvin, 
the  linear  contribution  will  be  negligible  on  the  rate  constants  when  tem¬ 
perature  range*  over  ten  degree*,  e.g.  between  29N°  K  (25°  C)  and  30*^  K 
(35°  C).  The  present  assumption  of  a  constant  coefficient  for  the  exponential 
terms  in  eq.  4.5  and  eq.  4.6  is  therefore  justified. 

4.7  Adequacy  of  the  HH  Model  for  Describing 
the  Kinetics  of  Putative  Hippocampal  Chan¬ 
nels? 

The  HH  model  of  ion  channels  is  clearly  a  simple  one.  First,  assuming  that 
channels  can  b£  described  in  terms  of  having  discrete  regions  that  can  modu¬ 
late  channel  conductance  through  the  steric  interaction  of  discrete,  voltage- 
dependent  conformational  states,  there  are  likely  to  be  more  than  two  stable 
states  for  any  such  “particle"  (as  opposed  to  iusi  the  open  and  closed  HH 
states).  Such  multi-state  models  and  other  interpretations  of  gating  have 
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been  considered  by  other  investigators  ([9], [4], [3],  [8]).  For  each  additional 
stable  state  there  will  also  be  an  additional  transition  state.  A  different 
transition  state  could  become  the  rate-determining  step  over  some  range  of 
membrane  voltage,  resulting  in  a  non-sigmoidal  voltage  dependence  of  the 
rate  constants  over  the  entire  voltage  range.  In  addition,  a  gating  particle 
could  possibly  influence  channel  conductance  in  a  more  graded  fashion.  In 
this  case,  different  conformational  states  would  not  necessarily  act  as  binary 
enabling/disabling  mechanisms. 

In  fact,  experimental  data  for  many  currents  indicate  that  the  sim¬ 
ple  thermodynamic  description  of  the  HH  model  is  not  sufficient  for  the 
gating  mechanisms  that  govern  those  currents.  For  example,  some  cur¬ 
rents  have  shown  minimal  or  no  voltage-dependence  for  either  their  acti¬ 
vation/inactivation  time  constants  nor  their  steady  state  values.  In  many 
of  these  cases  whether  this  reflects  the  true  kinetic  nature  of  the  currents, 
whether  this  is  artifactual  from  the  inherent  limitations  of  the  equipment, 
or  whether  there  is  contamination  from  other  currents  that  has  not  been 
accounted  for  is  not  clear.  In  some  cases,  different  measurement  protocols 
can  shed  light  on  these  questions.  In  other  cases,  simulations  can  help  test 
speculations  as  to  the  true  nature  of  the  currents.  Another  explanation  is 
that  there  is  a  distinct  linear  rale-limiting  mechanism  that  alters  the  func¬ 
tion  for  the  time  constant  as  would  be  expected  from  the  HH  model.  Such 
a  mechanism  is  considered  in  the  present  simulations,  as  will  be  described 
later. 

Another  complicating  factor  is  one  thai  reflect  s  actual  physiological  mech¬ 
anisms.  yet  is  not  explicitly  described  in  the  HH  model.  This  factor  is  the 
effect  of  the  concentration  of  various  ions  in  the  vicinity  of  the  membrane. 
There  will  be  an  observable  effect  of  different  concentrations  of  the  predom¬ 
inant  ions  (A'o+.  K+.  Ca2+.  and  Cl~  )  on  the  reversal  potential  for  these 
species,  as  expressed  in  the  Nernst  equation,  given  that  a  given  ion  undergoes 
large  changes  in  its  local  concentration  because  of  sequestering,  saturation 
of  buffering  mechanisms,  or  active  transport.  The  model  described  here  as¬ 
sumes  only  passive  transport  of  the  charge  carriers  across  the  membrane:  for 
example,  maintenance  of  the  .V<7+  and  7i'+  concentration  gradients  in  light 
of  the  flux  of  these  ions  during  electrical  activity  is  assumed  to  occur  over  a 
long  time  scale!  In  addition,  there  are  many  cases  where  the  local  concen¬ 
tration^!  some  ion  is  a  regulator  of  some  active  process  -  e.g.  Ca2+  in  the 
activation  of  the  actin-myosin  system  and  as  a  mediator  in  the  conductance 
of  certain  channels.  As  will  be  described  later,  such  coupling  is  indicated 
in  some  of  the  hippocampal  pyramidal  cell  non-linear  currents,  the  notable 


example  being  the  Co2+  -activated  A'+  current.  ]( .  In  this  case  there  is 
evidence  that  the  conductance  underlying  this  current  is  dependent  on  the 
concentration  of  Co2+  underneath  the  membrane,  as  may  be  supplied  by 
the  C’a2+  currents  (e.g.  lc „  and  leas)- 

On  the  other  hand,  in  support  of  the  HH  approach,  there  is  evidence  that 
the  HH  description  is  valid  for  at  least  some  ion  channels.  For  example,  the 
movement  of  charge  that  occurs  when  the  postulated  gating  particles  change 
state  (the  so-called  "gating  current"1)  has  been  detected  for  some  channels 
([19]).  The  primary  structure  of  certain  channels,  e.g.  some  A  o+  channels 
and  acetylcholine  receptors,  have  been  sequenced,  and  speculations  on  the 
tertiary  structure  have  been  made  on  the  basis  of  this  data.  There  are 
indications  in  these  sequences  of  segments  with  polar  residues  that  traverse 
the  membrane  in  such  a  way  so  that  they  maybe  able  to  sense  the  membrane 
voltage,  i.e.  properties  expected  of  putative  “gating  particles". 

On  a  more  empirical  level,  simulations  of  non-linear  membrane  using  HH- 
like  descriptions  for  the  ion  channels  have  been  successful  in  reproducing  the 
electrical  activity  of  several  electrically-activp  cells.  In  the  present  work,  it 
was  remarkable  how  well  HH  models  were  able  to  reproduce  the  behavior  of 
several  channels. 

4.8  The  Concept  of  an  “Extension”  of  the  HH 
Model 

The  descriptions  for  the  HIPPO  non-linear  conductances  are  based  on  ( rl  fu¬ 
sions  of  the  HH  model.  This  is  because  the  HIPPO  descriptions  explicitly 
consider  the  implications  of  the  single-barrier  gating  model  proposed  by 
Hodgkin  and  Huxley,  especially  with  regard  to  the  relationship  between  the 
parameters  that  define  this  model  and  the  resulting  voltage-dependent  time 
constants  for  the  gating  particles.  In  other  studies  lhat  draw  on  the  HH 
model  the  relation  between  the  steady-state  characteristics  of  the  gating 
particles  and  their  temporal  characteristics  is  purely  empirical,  and  is  not 
derived  from  the  single-barrier  model. 


Chapter  5 

ESTIMATING  Na+ 
CURRENTS 


5.1  Introduction 

This  chapter  describes  the  derivation  of  the  kinetics  for  three  proposed  A n+ 
currents  in  the  hippocampal  pyramidal  cell.  I  shall  begin  with  the  back 
ground  for  this  problem,  and  then  1  shall  present  the  data  that  was  used 
to  derive  the  model  parameters.  After  the  motivation  for  using  three  A'fl+ 
currents  is  discussed,  the  strategy  I  used  to  estimate  the  relevant  parameters 
will  be  presented. 

The  parameters  for  the  A’o+  currents  will  then  be  presented.  Some  of 
these  parameters  will  be  compared  with  the  analogous  parameters  of  the 
squid  axon  A ~a+  channel  and  the  7\-0  of  the  rabbit  node  of  Ranvier.  since 
these  latter  two  currents  are  among  the  few  A  «+  channels  for  which  the 
kinetics  have  been  measured  under  voltage  clamp. 


5.2  Background  for  Evaluating  I\a 

One  of  the  first  applications  of  the  model  has  been  the  estimation  of  the  Ao+ 
currents  in  hippocampal  pyramidal  cells,  including  those  which  underlie  the 
depolarizing  pfease  of  the  action  potential.  The  fast  A'o+  conductance  nec¬ 
essary  for  the  spike  corresponds  to  the  classical  A’o+  current  described  by 
Hodgki'n  and  Huxley.  To  initiate  the  action  potential,  this  current  rapidly 
turns  on  when  the  membrane  voltage  passes  the  firing  threshold  for  the 
cell.  Almost  as  rapidly,  the  fast  A'fl+  turns  itself  off  as  the  cell  depolarizes. 
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contributing  substantially  to  the  repolarization  of  the  action  potential. 

A  quantitative  description  of  the  .Ya+  currents  is  vital  because  these  cur¬ 
rents  are  the  progenitors  of  the  action  potential  and  therefore  are  some  of  the 
basic  determinants  of  neuronal  function.  Also  t lie  activation/inactivation 
properties  of  the  .Y«+  currents  set  the  stage  for  the  entrance  of  the  numer¬ 
ous  outward  currents. 

There  is  little  voltage  clamp  data  for  .Y«+  currents  since  these  currents 
are  typically  large  and  fast,  exceeding  the  current  sourcing  abilily  and  the 
temporal  response  of  the  single-electrode  clamp  circuit  used  to  make  the 
measurements.  Since  the  data  is  not  complete,  it  was  necessary  to  look 
to  sources  of  data  other  than  that  from  hippocampal  preparations.  These 
included  estimations  of  the  kinetics  of  a  fast  ,Y«+  current  in  rabbii  node  of 
Ranvier  ([10])  and  in  the  bullfrog  (Koch  and  Adams,  bullfrog  sympathetic 
ganglion  simulations,  persona!  communication.  In  addition  parameters  used 
in  other  neuron  simulations  were  consulted  ([4K],  hippocampal  simulations). 

In  t he  HIPPO  model,  this  problem  has  been  approached  several  ways,  in¬ 
cluding  using  the  descriptions  just  mentioned.  I  also  tried  using  /\u  kineti  s 
based  on  measurements  from  rabbit  node  of  Ranvier.  with  some  modifica¬ 
tions.  In  particular,  the  time  constants  for  the  m  and  the  h  variables  were 
scaled  by  two.  in  addition  to  t lie  appropriate  temperature  compensation 
(9io  =  3.  Adams,  persona)  communication)1. 

Attempts  to  derive  the  original  source  for  the  kinetic-,  used  by  Traub. 
et  al.  were  unsuccessful.  My  impression  is  that  the  kinetics  u--ed  in  this 
model  are  simply  the  ones  derived  by  Hodgkin  and  Huxley  for  squid  axon, 
modified  slightly  to  yield  acceptable  empirical  results  for  the  simulation  of 
some  protocols.  Initially  I  tried  such  an  approach. 

Specifically.  I  have  attempted  to  derive  channel  kinetics  that  are  consis¬ 
tent  with  current  clam])  records  of  .Y«+-only  spikes  (Storm,  personal  com¬ 
munication).  the  steady-state  _Y«+  dependent  current-voltage  characteristic 
([12].  Storm  ibid),  and  current  clamp  records  of  normal  action  potentials 
obtained  under  various  conditions,  under  the  assumption  that  any  channels 
that  coqduct  .Yo+  may  be  described  by  the  HH-like  kinetics  described  ear¬ 
lier.  and  further  that  each  channel  may  have  one  or  two  types  of  gating 
particles.  The  task  was  therefore  to  try  to  fit  the  behavior  of  this  class  of 
voltage-dependWit  channels  to  the  data.  I  began  by  considering  the  .Yo+- 
only  spike. 

'From  scaling  of  turn-  constants  for  J\a  in  bullfrog  myelinated  nerve  and  bullfrog 
sympathetic  ganglion  soma 


In  particular  it  was  desired  to  describe  the  fast  A"  q+  so  that  the  cell  had 
the  capacity  for  a  stable  resting  potential  that  in  turn  could  be  perturbed 
enough  to  result  in  an  action  potential.  This  implied  that  at  the  resting 
potential  the  inactivation  variable  ( h )  was  turned  on  and  that  the  activation 
variable  (m)  was  well  turned  off.  In  addition,  the  time  constant  for  the  m 
variable  had  to  be  substantially  less  than  the  time  constant  for  the  h  variable 
throughout  most  of  the  depolarized  range  of  the  membrane  potential  above 
rest.  This  insured  that  once  threshold  was  reached,  the  m  variable  would 
have  a  chance  to  fully  activate  and  allow  Na  to  enter  the  cell  before  the 
h  variable  caught  up  with  the  depolarization  and  subsequently  go  into  the 
closed  state,  thus  shutting  off  the  conductance. 

Although  a  useful  description  was  found  empirically,  it  will  be  important 
to  compare  this  description  to  actual  measurements  of  the  fast  Na  current 
kinetics  whenever  they  become  available. 


5.3  Deriving  .Vo+  Conductance  Kinetics 

5.3.1  Implications  of  Vc/+-only  Spike 

Current  clamp  records  taken  using  hippocampal  slices  which  had  been  treated 
with  agents  that  blocked  all  potassium  and  calcium  currents  enables  one  to 
look  at  the  behavior  of  the  .V n+  currents  and.  presumably,  the  leak  con¬ 
ductance  in  isolation.  Such  protocols  assume  that  1)  all  non-linear  currents 
other  than  A  currents  are  blocked,  and  2)  such  treatment  leaves  ihe  leak 
conductance  unchanged.  Figure  5.1  shows  a  record  of  a  A'«+-only  spike 
under  such  conditions. 

This  spike  gives  several  clues  about  the  A ' a+  currents  in  this  cell.  First, 
the  spike  threshold  is  quite  sharp.  Also  the  sublhresbold  response  shows 
very  little  activation  of  inward  current.  This  behavior  of  the  spike  thresh¬ 
old  implies  that  the  activation  curve  for  the  A'o+  current  underlying  the 
initiation  is  steep,  with  the  curve  centered  around  -bo  millivolts. 

The. second  feature  is  the  biphasic  repolarization  of  the  spike.  The  tra¬ 
jectory  of  the  spike  repolarization  under  the  specified  conditions  is  due  to 
two  factors  -  the  inactivation  of  the  A’c+  current(s)  and  the  linear  leak  of 
the  membrane.**  Initially,  the  spike  repolarizes  rapidly.  Assuming  that  the 
major  portion  of  the  spike  is  due  to  a  Aa+  current  similar  to  the  classical 
fast  .Vo+  current  described  in  squid  axon,  this  initial  repolarization  is  con¬ 
sistent  with  the  rapid  inactivation  of  the  channel  with  depolarization.  At 
depolarized  membrane  potentials,  the  time  constant  for  inactivation  is  on 
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Figure  5.1:  A'a+-onlv  Spike  and  Subthreshold  Response  -  Current  clamp 
protocol  with  cesium  chloride  electrode.  TEA.  4AP.  and  .l/n++  added  to 
block  the  calcium  and  potassium  currents.  Resting  potential  is  -65  mv. 
Stimulus  current  is  top  trace.  From  Storm  (unpublished  data). 
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the  order  of  a  few  milliseconds.  However,  approximately  7  milliseconds  after 
the  spike  peak  the  repolarization  slows  draslically.  This  slow  phase  of  the 
repolarization,  which  commences  when  the  membrane  voltage  is  about  -20 
millivolts,  lasis  approximately  60  milliseconds.  Since  this  decay  is  too  slow 
to  be  accounted  for  by  the  time  constant  of  the  cell,  we  propose  that  the 
long  tail  is  due  lo  an  non-linear  (A'n+)  inward  current. 

We  can  determine  whether  a  .\a+  tail  current  is  likely  to  be  present 
during  a  spike  that  is  repolarized  by  outward  currents.  The  action  poten¬ 
tial  is  repolarized  by  A  +  currents,  in  addition  to  the  leak  conductance  and 
the  inactivation  of  the  .V<7+  currents.  If  any  .Ya+  tail  current  has  been 
activated  during  the  fast  spike,  then  it  must  be  canceled  by  a  slow  residual 
component  of  the  outward  currents,  since  no  long  lasting  depolarized  tail  is 
observed.  During  a  normal  action  potential  there  is  therefore  either  a  com¬ 
pletely  activated  slow  component  of  the  fast  Xa+  current  that  is  canceled 
by  a  slow  K+  current! s).  or  there  is  a  separate  slow  A  n+  current  that  has 
not  had  a  chance  lo  be  activated  during  the  short  spike,  or  there  is  some 
middle  ground  where  a  incompletely-activated  inward  current  is  canceled  by 
a  residual  outward  current. 

The  time  course  of  the  actual  spike  was  used  as  the  clamp  voltage  in  a 
voltage  clamp  simulation  using  the  linear  cell  in  order  to  estimate  the  current 
during  a  .Y«+-only  spike.  As  was  described  in  Chapter  3.  the  resulting 
simulated  clamp  current  revealed  the  total  current  that  must  be  supplied 
by  non-linear  conductances  during  the  spike.  Incidentally,  this  protocol  was 
an  example  of  the  power  of  the  simulation  technique,  since  controlling  an 
actual  microelectrode  voltage  clamp  with  such  a  fast  time- varying  signal  is 
not  always  possible. 

The  result  of  the  voltage  clamp  simulation  i»  shown  in  Figure  5.2  The 
time  course  of  the  clamp  current  implied  that  the  non-linear  mechanisms 
underlying  the  spike  had  at  least  two  distinct  components,  an  early,  large 
component  which  quickly  deactivated/inactivated,  and  a  later  small  compo¬ 
nent  which  deactivated/inactivated  slowly,  remaining  for  approximately  100 
milliseconds. 

The  fast  component  was  assumed  analogous  to  the  classical  fast  .Yo+ 
current  of  the  squid  axon  as  described  by  Hodgkin  and  Huxley. 

For  the  repolarizing  tail  I  considered  two  possible  mechanisms:  an  abrupt 
slowing,  of  inactivation  of  the  fast  A'o+  current  underlying  the  spike,  or  the 
action  of  another  kind  of  A'«+  channel.  For  the  present  this  first  possibility 
has  been  discounted  for  two  reasons.  First.  I  have  not  been  able  to  derive  a 
function  for  the  volt  age- depen  dent  time  constant  for  inactivation  for  the  fast 
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Figure  5.2:  Clamp  curreni  during  voltage  clamp  simulation  using  time  course 
of  .Va+-only  spike  (Figure  5.1)  as  coniniand  voltage 
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-V c/+  that  was  consistent  with  the  single- barrier  gating  assumptions  and  that 
had  the  necessary  sharp  increase  at  the  appropriate  voltage.  Second,  in  light 
of  the  present  assumptions  regarding  the  behavior  of  t  he  A’+  currents,  it  was 
determined  that  the  mechanism  for  the  slow  tail  would  only  be  significantly 
activated  during  a  long  (e.g.  non-repolarized )  spike,  thereby  removing  the 
requirement  of  an  outward  current  that  would  cancel  out  the  slow  tail  current 
after  the  normal  spike. 

In  considering  the  possibility  of  a  distinct  tail  current,  the  important 
characteristics  of  this  current  was  that  it  had  to  have  a  high  threshold  and  a 
slow  onset,  consistent  with  the  lack  of  a  long  afler-depolarization  in  normal 
spikes.  For  example,  if  this  current  had  a  threshold  of  approximately  -10 
millivolts  with  a  slow  activation  time  constant,  i.e.  4  milliseconds,  then 
during  a  normal  spike  this  current  will  not  have  time  to  activate  fully.  On 
the  other  hand,  during  the  slower  repolarization  that  occurs  without  non¬ 
linear  outward  currents,  this  tail  current  will  have  time  during  the  peak  of 
the  spike  to  activate  more,  and  thereby  contribute  to  a  long  repolarization. 
I  called  this  current  J\. I  attempted  1o  adapt  the  activation  data  for 
7\ ap  (discus-ed  next)  to  account  for  the  action  of  the  so-called 
but  t hi>  has  been  unsuccessful  to  date.  This  is  primarily  because  the  low 
threshold  of  the  activation  curve  for  l\0p  has  thwarted  attempis  at  deriving 
a  function  for  the  time  constant  of  activation  that  is  consistent  with  the 
single-barrier  model  and  which  in  turn  reproduces  the  Ao+-only  spike. 

5.3.2  Implications  of  ,\V/+-only  Repetitive  Firing 

Repetitive  firing  elicited  in  cells  in  which  all  currents  excepi  .Y«+  have  been 
blocked  ofTer  additional  clues  as  to  the  nature  of  the  .Y«+  currents  in  hip¬ 
pocampal  pyramidal  cells.  Figure  5.3  illustrates  such  a  record.  The  key 
features  of  these  voltage  traces  are  1)  higher  threshold  of  spikes  following 
initial  spike  (i.e.  higher  threshold  of  the  se conda ry  spikes).  2)  reduced  r  m- 
plitude  of  repetitive  spikes.  3)  reduction  of  spike  amplitude  with  increasing 
stimulus.  4)  repetitive  firing  elicited  only  in  a  narrow  range  of  membrane 
voltages. 


5.3.3  Imputations  of  Tetrodotoxin  Sensitive  Steady  State 
#  Current- Voltage  Characteristic 

Figure  5.4  shows  a  steady-state  current-voltage  characteristic  from  hip¬ 
pocampal  pyramidal  cells  that  demonstrates  a  tetrodotoxin  (TTX)  sensitive 


96 


Figure  5.3:  .Ya+-only  Repetitive  Spiking  -  Current  clamp  protocol  under 
same  conditions  as  Figure  5.1.  Current  stimuli  is  bottom  trace.  From  Storm 
(unpublished  data). 
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Figure  5.4:  Inward  Rectification  by  Na+.  Curve  derived  from  steady-state 
activation  of  a  persistent  A'fl+  current.  l\,p  ([12]). 

inward-rectification  ([12]).  Assuming  that  a  sensitivity  to  TTX  means  that 
.V<7+  currents  underlie  this  rectification,  the  characteristic  can  be  accounted 
for  by  either  the  "window  current"  of  a  transient  .Vo+  current,  by  a  per¬ 
sistent  (non-inactivating)  .Ya+  current  (I\ap).  or  by  some  combination  of 
these  types  of  channels. 

5.3.4  The  Role  of  Window  Currents 

Window  current  is  due  to  any  overlap  in  the  voltage-dependent  steady  state 
curves  of  the  activation  and  inactivation  variables,  thereby  making  a  nor¬ 
mally  transient  current  contribute  a  persistent  component  over  some  range 
of  membrane  voltage.  Since  any  overlap  in  the  activation  and  inactivation 
curves  will  be  limited,  rectification  due  to  a  window  current  alone  would  dis¬ 
appear  at  depolarized  membrane  voltages.  The  6teady-state  current -voltage 
characteristic  would  then  continue  the  linear  characteristic  established  prior 
to  the  onset  of  Rectification.  The  data  for  this  cell,  however,  would  not  nec¬ 
essarily  demonstrate  a  depolarized  removal  of  rectification  since  the  steady- 
state  cuxrent-voltage  curve  was  only  measured  to  -35  millivolts. 

Important  aspects  of  this  characteristic  include  the  lack  of  inward  recti¬ 
fication  around  the  .Yo+-only  spike  threshold,  which  implies  that  the  m  and 
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h  curves  for  the  current  activated  at  the  threshold  do  not  overlap  at  that 
threshold. 

5.3.5  Adding  Together  All  of  the  Evidence 

Taked  all  together,  the  data  presented  so  far  implies  several  characteristics 
of  any  TTX-sensitive  (presumably  .Yr/+-carried )  currents.  These  may  be 
summarized  as  follows: 

1.  Ao+  mediated  repetitive  firing  in  cells  depolarized  from  the  resting 
potential  implies  that  the  inactivation  curve  for  the  current  underlying 
the  higher  threshold  spikes  is  non-zero  at  the  depolarized  level. 

2.  The  lack  of  inward-rectification  at  the  lower  spike  threshold  contradicts 
the  earlier  conclusion  that  the  activation  curve  for  the  fast  A’f/+  current 
is  steep  ai  the  lower  threshold. 

3.  A  steep  activation  curve  at  the  lower  threshold  taken  with  the  non¬ 
zero  inactivation  at  depolarized  membrane  potentials  would  result  in 
an  appreciable  window  current.  This  window  current  in  turn  would 
contribute  to  inward  rectification  starting  at  the  lower  spike  threshold 
of  -55  millivolts.  This  is  inconsistent  with  the  data. 

To  explain  ihese  phenomena.  I  suggest  that  there  is  an  additional  fast 
.Vo+  channel  whose  threshold  for  firing  i^  depolarized  from  that  of  the  orig¬ 
inal  fast  .Vo4  channel,  and  whose  activation  and  inactivation  kinetics  are 
such  that  it  might  mediate  ,Y«+-only  repetitive  firing.  In  the  absence  of 
repolarization  from  any  non-linear  outward  currents,  simulations  indicated 
that  there  must  be  a  finite  overlap  of  the  activation  and  inactivation  curves 
of  any  HH-like  .Y«+  channel  that  can  medial e  repetitive  firing.  This  over¬ 
lap  will  result  in  a  finite  window  current,  and  thus  a  steady  state  inward 
rectification.  I  was  able  to  adjust  this  rectification  to  qualitatively  repro¬ 
duce  the  onset  of  the  observed  rectification  discussed  earlier.  Because  it 
mediates  repetitive  .Yo+-only  spikes.  1  named  the  high  threshold  current 
l\a-rti> •  Since  I  deduced  that  the  original  fast  .V a+  current  had  a  sensi¬ 
tive.  low  threshold  for  initiating  the  action  potential.  I  called  this  current 

/.V  a  —  trig  ■ 

The.steady-state  .Yo+  mediated  rectification  also  constrains  the  behavior 
of  the  /\a— fa,/.  In  particular,  if  this  current  contributed  any  window  current 
then  such  a  window  current  could  only  activate  above  -30  millivolts,  in  order 
to  be  consistent  with  the  steady-state  IV  characteristic. 
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The  implications  of  a  sharp  threshold  for  the  A'o+  -only  spike,  and  a 
small  subthreshold  response  implies  steep  and/or  activation  characteristics 
for  the  current  underlying  the  initiation  of  the  spike.  On  the  other  hand, 
presumed  modulation  of  the  spike  threshold  by  outward  (A'+)  currents  (see 
Chapter  7)  which  in  turn  do  not  greatly  effect  the  slope  or  amplitude  of 
the  action  potential  implies  that  around  threshold  A'o+  activation  is  not 
instantaneous,  in  other  words  a  small  outward  conductance  would  be  able 
to  counter  the  sub-threshold  inward  rectification  of  the  A'«+  current  suffi¬ 
ciently  to  raise  the  firing  threshold.  Note  that  the  faster  the  A'o+  current 
activated  around  threshold,  the  larger  the  outward  current  would  have  to  be 
to  suppress  the  initiation  of  the  spike.  Since  threshold  is  only  about  30  mil¬ 
livolts  above  £/*•,  the  small  driving  force  for  an  outward  A’+  current  means 
that  a  large  conductance  is  required.  However,  a  large  A  +  conductance  that 
is  enabled  immediately  prior  to  the  spike  would  allow  a  large  outward  cur¬ 
rent  on  the  upstroke  of  the  spike,  due  to  the  increasing  driving  force  that  the 
A  +  ions  see.  An  alternative  explanation  is  that  the  threshold-modulating 
A'+  current  shuts  off  prior  to  or  during  the  upstroke  of  the  spike,  and  thus 
a  A  +  conductance  of  sufficient  size  to  transiently  counteract  a  quickly  ac¬ 
tivating  .V a+  current  would  not  then  serve  to  attenuate  the  spike  itself.  A 
final  alternative  is  that  the  size  of  the  spike  current  is  large  enough  lhat  a 
sub-threshold  activated  outward  conductance  would  nol  attenuate  the  spike 
noticeably. 


5.4  Strategy  for  Determining  X(r  Current  Ki¬ 
netics 

Once  it  was  determined  that  three  A'o+  currents  might  model  the  observed 
behavior,  the  following  strategy  used  to  derive  their  kinetics: 

1.  Estimate  the  absolute  Ao+  conductance  for  the  fast  A’n+  currents 
( I, \ a— trig  and  /y0_ rfp)  by  running  voltage  clamp  simulations  using 
the  A  o+-only  spike  as  the  command  voltage. 

2.  A  reasonable  set  of  equations  governing  the  kinetics  (backward  and 
forward  rate  constants  for  the  activation  gating  particle  m  and  inac¬ 
tivation  gating  particle  h )  for  the  three  putative  A'«+  currents  was 
determined.  The  free  parameters  for  each  function  include  the  free 
energy  changes  between  the  stable  states  and  the  transition  state,  the 
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location  of  the  transition  state  within  the  membrane,  and  the  effec¬ 
tive  valence  of  the  gating  particle.  Voltage-dependent  functions  of  the 
time-constants  and  steady-state  values  of  ihe  gating  particles  are  then 
derived  from  the  appropriate  rate  functions. 

3.  Run  (current  clamp)  simulations  of  the  A’o+-only  single  and  repetitive 
spike  protocols. 

4.  Compare  the  simulations  with  the  data. 

5.  Adjust  the  appropriate  rate-constant  functions  and  repeat  the  simu¬ 
lations. 

6.  Once  a  good  match  between  the  current  clamp  simulations  and  the 
daia  was  reached,  the  steady  state  current-voltage  characteristic  of 
the  cell  with  all  three  A'o+  currents  activated  was  derived  to  measure 
the  inward-rectification  generated  by  the  estimated  currents. 

7.  This  characteristic  was  compared  with  that  of  one  from  the  model 
with  the  derived  A  «+  currents  replaced  by  the  reported  persistent 
A «+  curreni. 

8.  If  needed,  return  to  step  5.  in  order  to  obiain  a  good  fit  to  all  the 
available  data. 

This  process  eveniually  converged  to  yield  a  model  description  that  was 
in  good  qualitative  agreement  with  the  data  pertaining  to  A’«+-onlv  behav¬ 
ior.  The  derived  A‘«+  currenis  were  then  lested  by  running  simulations  in 
which  various  1\  +  currents  were  added,  once  they  were  derived.  This  led  to 
a  modification  of  some  of  the  parameters  of  the  A  «+  currenis.  while  preserv¬ 
ing  the  A'«+-only  behavior,  which  provided  a  rigorous  sel  of  constraints  on 
the  parameter  adjustment.  The  entire  process  was  and  is  one  of  adding  one 
piece  of  information  at  a  time  to  the  model,  and  then  running  simulations 
to  find  out  how  the  new  data  affects  the  model's  behavior. 

5.5  Results 

«« 

5.5.1  Simulation  of  AV/+-Mediated  Inward-Rectification  and 
*  Spikes 

Figure  5.5  compares  the  steady-state  current-voltage  characteristic  of  the 
model  with  1 )  the  reported  /\ap.  and  2)  the  /\0_rr(J.  J\a-Ia,t.  J\a-reP  cur- 


Figure  5.5:  Current -volt age  characteristics  of  model  showing  inward- 
rectification  mediated  by  /\0p  and  by  I\0^lr,3.  /y-j-m;/.  and  lsn-rtp-  cur¬ 
rents. 

rents.  The  model  currents  cause  an  onset  of  inward  rectification  that  is  in 
qualitative  agreement  with  the  published  data.  However,  since  this  steady- 
state  inward  current  is  mainly  due  to  the  transient  window  current, 

the  rectification  only  occurs  over  a  limited  range  of  membrane  voltages.  This 
is  not  necessarily  inconsistent  with  the  characteristic  of  J\7p  because  of  the 
limited  range  over  which  this  current  was  measured,  as  explained  earlier. 
Possibly  the  so-called  persistent  .Vn+  current  is  actually  a  transient  current 
which  would  demonstrate  removal  of  inward-rectification  at  more  depolar¬ 
ized  membrane  potentials.  Given  more  data,  the  derived  characteristics  of 
the  so-called  Isa-rtp  might  be  adjusted  to  better  match  the  steady-state 
current-voltage  relationship  of  the  model. 

Figure  5.6  illustrates  a  simulation  of  ihe  .Y«+-only  single  spike.  The 
model’s  behavior  is  in  good  agreement  with  the  data,  in  particular  in  regards 
to  the  sharp  threshold  of  the  spike,  the  time  course  of  ihe  depolarizing  phase, 
the  initial  fast  repolarization,  and  the  slower  late  repolarization.  Also  in  the 
figure  are  the  three  model  .Vn+  currents  that  underlie  the  .Yn+-only  spike. 
In  this  figure  the  initial  activation  of  J\„^trig.  the  subsequent  recruitment 
of  the  higher  threshold  I.\a~rtp-  and  the  slow  time  course  of  /va-im/  after 
the  first  two  currents  have  inactivated  can  be  seen. 
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Figure  5.6:  Current  damp  simulation  of  .V«+-onlv  single  spike.  Spike  stim¬ 
ulus  -  0.78  nA.  Top  -Simulation  of  spike  compared  with  record  taken  from 
data.  Bottom  -  /y,_ lng.  I\0-tn,i ■  I\«-rrn  currents  during  spike. 
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Figure  5.7  illustrates  a  simulation  of  A'c+-only  repetitive  firing  under 
different  constant  current  inputs.  At  the  bottom  of  the  figure  are  the  .Ya+ 
currents  underlying  the  marked  spike  train.  After  the  first  spike,  the  initia¬ 
tion  of  later  spikes  is  mediated  completely  by  //va -rep- 


5.6  Parameters  of  the  Three  Putative  Na+  Con¬ 
ductances 

The  parameters  for  the  three  proposed  hippocampal  A  a+  currents  will  now 
be  presented  in  detail.  Some  of  these  parameters  will  then  be  compared 
with  the  analogous  parameters  of  the  squid  axon  Na+  channel  and  the  /,\  0 
of  the  rabbit  node  of  Ranvier. 

All  parameters  were  set  assuming  a  temperature  of  24°C.  It  was  neces¬ 
sary  to  use  a  high  value  for  the  910  (=  5)  for  these  currents  since  simulations 
of  action  potential  repolarization  at  the  higher  temperature  used  for  inter¬ 
preting  most  of  the  A’+  current  data  (32°C)  indicated  that  significantly 
faster  activation /inactivation  was  required.  Figure  5.8  shows  the  resulting 
effect  of  different  temperatures  on  the  A'o+-only  spike.  The  striking  effect  of 
temperature  in  these  simulations  suggest  that  measuring  the  temperature 
dependence  of  A‘o+-only  spikes  in  HPC  may  provide  a  good  test  for  the 
model  description  of  the  A  a+  currents. 


5.7  Parameters  of  Isa-tr>g 

lsa-uig  is  based  on  the  classical  I\0  of  the  squid  axon.  Important  differ¬ 
ences  were  required,  however,  so  that  I\a-trig  would  have  a  sharp  threshold 
with  very  little  subthreshold  activation.  Also,  it  was  necessary  to  adjust 
some  parameters  to  obtain  the  desired  characteristics  during  normal  repet¬ 
itive  firing. 

5.7.1  _  Results 

First,  the  valence  of  both  the  m  and  h  particles  is  large  ( ;m  =  20.  zm  =  30). 
which  makes  t^jem  steep  functions  of  voltage.  Likewise,  the  m <*,  and  h^, 
curves  for  Isa-trig  do  not  overlap  as  they  do  in  the  squid  axon  l\a  (ref. 
Figure  5.15). 
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Figure  5.7:  Current  clamp  simulation  of  .Va+-onlv  repetitive  spike  protocol. 
Top  -  Spike  trails  in  response  to  different  stimulus  strengths.  Middle  - 
f.Va-fnj.  /.Ya-taif*  -rtp  currents  during  trace  marked  with  the  arrow. 
Bottom  -.Stimulus  currents. 
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Figure  5.8:  Current  damp  simulations  of  .Vn+-only  single  spike  at  different 
temperatures.  qy0  for  the  three  .Ya+  current  kinetics  is  set  to  5.  ?io  for  the 
absolute  conductances  is  set  to  1.5  .  With  increasing  temperature  the  spike 
threshold  drops,  the  depolarizing  slope  is  steeper,  and  the  repolarization 
(due  to  inactivation/deactivation)  is  faster. 
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The  position  on  the  voltage  axis,  as  determined  by  V'i  m  Va_triJ  and 
l  L.h,Ka-tTig'  were  set  to  the  firing  threshold  equal  to  about  -55  milli¬ 
volts.  This  threshold  was  made  slightly  higher  than  indicated  by  the  data 
in  order  to  allow  subthreshold  activation  of  7.4  (ref.  Chapter  7). 

Setting  the  order  of  the  inactivation  particle  h  and  the  the  r/, ,.vQ-tr.5 
magnitudes  involved  compromising  between  formulations  that  met  a)  the 
observed  width  (about  1.7  milliseconds  at  0  millivolts)  and  b)  the  observed 
height  (about  15  millivolts)  of  Ao+-only  spike.  The  formula  I  have  used 
includes  two  h  particles  and  setting  Vo_t„fl  =  2.0  milliseconds  so  that  the 
current  would  not  inactivate  too  quickly  at  the  top  of  the  spike.  When  a  sin¬ 
gle  h  particle  was  used  it  was  necessary  to  adjust  A’a-trio  =  1.5  milliseconds 
to  maintain  the  width  of  the  spike:  however,  this  formula  made  the  peak  am¬ 
plitude  too  high. 

The  curve  for  rm.\-0_fr,s  was  symmetrical  bm..Vo-«ri$  =  0.5).  but  when 
normal  repetitive  firing  was  simulated  using  the  Jv+  currents,  it  was  nec¬ 
essary  to  make  the  curve  for  Th,Xa~trig  skewed  to  the  right  (depolarized) 
( “ih..\a—trig  =  0.2)  so  that  removal  of  inactivation  was  fast  enough  near  resl 
to  allow  for  rapid  firing. 

The  value  for  {jdir.s.Sa-ing  (=  40mS/cm2)  was  sei  in  order  to  obtain  an 
initial  slope  of  the  action  potential  of  approximately  130  volts  per  second 
(measured  from  threshold  to  0  millivolts).  This  value  was  dependent  on 
fidtns.x a —rtp  as  well  •  since  I\a-rtp  i*  activated  within  a  few  tenths  of  a 
millisecond  after  the  beginning  of  the  spike  and  therefore  7.v0_rep  contributes 
substantially  to  the  upslroke  of  the  action  potential  (see  Figure  5.6). 

The  equation  for  Ixa-ir<g  is  - 

IXa-lrig  ~  9Xa-trig  ™  X  a-trig  h Xa-1rig  (1  ~  E. Xa +  ) 

where 


9 X a— trig  =  0.53  pS 


9drni.Xa—trig  =  40.0mS/cm2 

Table  5.1  fots  the  parameters  for  the  lsa-tri3  gating  variables.  These 
are  therate  functions  for  the  activation  variable,  m.  of  Ixa-tng  - 


i.Xa—tng  ~~  0.3  exp 


+  47)0.5-20 


RT 


-) 
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Gating  Variable 

- 

*> 

oo 

Vi.  (mV) 

r0(ms) 

m  (activation) 

“20“ 

~oX 

0.3 

-47.0 

0.5 

h  (inactivation) 

-30 

0.2 

0.003 

-54.0 

2.0 

Table  5.1:  Parameters  of  /\a- mg  Gating  Variables 


Figure  5.9:  Steady-state  curves  ( m ^  and  /»*,)  for  »i.va-fnS  and  h  Sa—trig 
and  effective  curves  as  would  be  measured  by  voltage-clamp  experiments. 


(-47-  1)0.5  •20  /' 


ffh. Xa  —  triy  —  0.3  exp^"  /?T 

These  are  the  rate  functions  for  the  inactivation  variable,  h.  of  I\a-trig 


) 


Oh.\a-tr,g  =  0.01  eXp 


Jh.\,-tr,g  =  0.01  exp 


'<!*  +  61)0.7  -30  F 
k  RT 

( —61  -  1)0.3  •  -30  •  F 
RT 


) 


Figur.es  5.9  and  5.10  show  the  voltage  dependence  on  the  steady-state 
values  and  the  time  constants  for  the  m\a-tng  and  h\a-tr,g  variables. 


5.8  Parameters  of  I.\a-np 

The  kinetics  of  /\a_r,P.  like  /v„_fT,5 •  is  similar  to  the  squid  axon  /\.  kinet¬ 
ics.  In  order  that  /\a.Ttp  be  able  to  generate  repetitive  .Vo  -  only  spikes, 
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Figure  5.10:  Time  constant  curves  (rm  and  r^)  for  and  h\a.trig. 


however,  it  was  necessary  to  adjust  the  parameters  for  this  conductance  very 
carefully.  Experimentation  revealed  that  a  key  requirement  for  getting  high 
threshold  Sa  -  only  repetitive  spikes  was  that  the  m,*  and  curves  for 
I\a-reP  overlap.  In  addition,  the  curve  for  had  to  be  very  steep  and  the 
curve  for  77,  had  to  be  sharp  on  the  hvperpolarized  side.  These  characteris¬ 
tics  were  needed  so  that  during  the  repolarization  after  a  spike,  removal  of 
inactivation  would  occur  while  m\a^rtp  was  large  enough  to  allow  enough 
current  for  another  spike.  On  the  other  hand,  h  could  not  be  so  fast  that 
there  was  .Vo  -  only  repetitive  firing  without  tonic  stimulation. 

5.8.1  Results 

Experimentation  with  the  order  of  m  and  h  resulted  in  the  assignment  of 
two  m  and  three  h  particles  to  the  /.v„-rep  conductance.  The  high  order  of  b 
accentuated  the  steepness  of  the  curve  so  that  when  the  cell  repolarized 
slowly  (with  a  tonic  current  stimulus)  the  removal  of  inactivation  would 
occur  abruptly  enough  to  allow  repetitive  firing.  A  single  m  particle  did 
not  provide  enough  positive  feedback  on  the  initiation  of  secondary  spikes 
to  get  the  observed  magnitudes  (e.g.  between  -20  and  5  millivolts).  Three 
m  partitles  did  not  allow  the  channel  to  retain  sufficient  activation  after  the 
initial  spike  to  initiate  subsequent  spikes. 

The  value  fjjr  5*n*..v9-rej>  had  various  effects.  In  particular,  the  value 
for  9dent.\a-rtp  modulated  the  role  of  Jsa-tn3  during  the  initial  slope  of  the 
action  potential.  As  introduced  previously,  both  the  value  of  5rfen»..v«-rep 
and  VdtnM,.\o-irig  determined  this  slope. 
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A  second  consequence  of  gjen,t\a^r(p  was  that  it  had  to  be  large  enough 
to  support  regenerative  firing  when  I\u- trig  was  inactivated  because  of  the 
depolarized  membrane.  On  the  other  hand.  Vdtnt.Xa-rtp  could  not  be  too 
large  since  this  would  give  a  significant  depolarizing  hump  after  the  initial 
spike  when  the  tonic  stimulus  is  too  small  for  repetitive  firing  -  such  a  hump 
is  not  observed  experimentally  (Figure  5.3). 

On  a  more  subtle  level,  the  relationship  between  stimulus  magnitude  and 
the  second  spike  during  A'o+-only  repetitive  firing  is  such  that  initially  (from 
below  threshold  to  just  above  threshold  for  the  tonic  stimulus)  the  greater 
the  stimulus  the  sooner  the  second  spike.  However,  past  a  certain  point  the 
greater  the  stimulus  the  later  the  second  spike  occurs,  until  the  stimulus  is 
too  large  to  promote  A'o+-only  repetitive  firing.  During  my  simulations  I 
found  that  this  behavior  was  dependent  on  gdtr,t.Ka-rtp  ~  if  9dtn*.\a~rtp  was 
too  large,  then  there  was  no  range  of  stimulus  strengths  in  which  a  larger 
stimulus  caused  the  second  spike  to  occur  earlier. 

In  practice  the  most  critical  test  of  5rf(nJ ..x0-rtp  was  ^ie  latter  relation 
between  }J(n!  va.T(p  and  the  timing  of  the  second  spike  during  .Yc+-only 
repetitive  firing.  Once  the  desired  relationship  was  achieved  the  other  char¬ 
acteristics  were  matched  primarily  by  the  adjustment  of  other  relevant  pa¬ 
rameters. 

The  overlap  for  the  mx  and  curves  resulted  in  the  steady  state  A  o+ 
mediated  inward  rectification  discussed  earlier. 

In  summary,  the  parameters  for  were  among  the  most  sensitive 

of  ihe  model,  and  a  substantia]  amount  of  effort  was  needed  to  derive  them. 

The  equation  for  l\a-Ttp  is  - 

f.\o-rep  ff.Vfl-r(p^jVo-rep^.Vo-rfp(  1  T\ ) 

where 


gsa-rip  =  0.50 //S 


Sden».Na-rep  =  35.0mS/cm2 

Table  3.2  Wits  the  parameters  for  the  i\3-rip  gating  variables.  These 
are  the  rate  functions  for  the  activation  variable,  m.  of  7^0_rfp  - 

_ _  _ /(V  +  34)0.5  •  6  F\ 

°fn,Ao-r(p  ~  0.6 1  exp  I  j 


no 


Gating  Variable 

2 

7 

Oo 

Vi  (mV) 

Mms) 

m  (activation) 

6 

0.5 

0.67 

-34.0 

5.0 

h  (inactivation) 

-30 

0.17 

0.0023 

-42.5 

3.0 

Table  5.2:  Parameters  of  Isa-rtp  Gating  Variables 


Figure  5.11:  Steady-state  curves  (m*.  and  h *,)  for  msa-rtp  and  h.va-rtp 
and  effective  curves  as  would  be  measured  by  voltage-clamp  experiments. 


,  «... /(-34-V  )0.5  -6  -F\ 

'•'m.Aa-rif  l).0<  exp  I  J 

These  are  the  rate  functions  for  the  inactivation  variable,  h.  of  I\a-rtp 


°h,S'a-rrp 


=  0.0023  exp  ( 

'{V  +  42.50.83-  -30  F 

v  RT 

=  0.0023  exp  ^ 

(-42.5  -  l')0.17  -30  •  f 

RT 

Figures  5.11  and  5.12  sho^ 
values  and  the  time  constants 


5.9  Parameters  of  I\a-iaii 

The  ke.v  features  that  I  defined  for  the  proposed  include  signifi¬ 

cant  activation  only  when  there  are  prolonged  spikes,  e.g.  when  there  is  no 
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Figure  5.12:  Time  constant  curves  (rm  and  r* )  for  m\0_rep  and  h.va-rei>- 


repolarization  due  to  non-linear  outward  currents.  Also,  this  current  was  de¬ 
rived  to  be  a  transient  current,  with  no  contribution  to  steady  state  inward 
rectification. 

5.9.1  Results 

The  steady  state  curve  for  m  was  adjusted  so  that  activation  commenced 
only  for  very  depolarized  levels  (Figure  5.13.).  On  the  other  hand,  the  time 
constant  for  w  was  derived  so  that  once  m  was  open  it  was  slow  to  relax  to 
the  closed  state  as  the  membrane  repolarized  (Figure  5.14.) 

Determining  the  parameters  for  rm..\  ,_f0l/  and  gd,„$.Sa-iiii  was  d°ne  to' 
get  her.  since  both  of  these  factors  determined  the  slow  repolarization  inward 
current. 

The  curves  for  h  were  not  so  critical  -  the  main  requirement  was  that 
at  rest  h  was  fully  open  so  that  J\Q~ti,t  could  be  turned  on  with  the  spike. 
However.  hx  had  to  be  0  at  levels  depolarized  from  rest  so  that  there  would 
be  no  window  current  component  from  The  curve  for  tV\ was 

set  so  that  on  one  hand  h  did  not  change  much  during  spiking,  leaving  the 
m  variable  in  control  of  this  current,  and.  on  the  other  hand,  fast  enough  so 
that  I\a-taU  would  not  have  an  apparent  persistent  characteristic  because 
of  a  sluggish  inactivation. 

There  was  nojteed  for  the  delayed  state  transition  characteristics  of  more 
than  one  n?  or  h  particle  for  therefore  the  order  of  each  was  set  to 

one. 

Given  that  in  genera]  the  requirements  for  were  not  as  rigid 
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Gating  Variable 

2 

mm 

QO 

BBM 

r0(ms) 

m  (activation) 

8 

0.95 

0.025 

HEEH 

5.0 

h  (inactivation) 

-6 

0.2 

0.0017 

-47.0 

3.0 

Table  5.3:  Parameters  of  Isa-tail  Gating  Variables 


as  other  currents,  i.e.  7va_rep,  the  derived  parameters  were  not  the  only 
set  that  would  demonstrate  the  desired  behavior.  For  example,  h  could 
be  faster,  as  long  as  either  rm  was  likewise  decreased  and/or  g\a^taii  was 
increased  to  compensate  for  the  resulting  increase  in  inactivation  of  Iso-tail 
during  the  spike. 

The  equation  for  //v„-fat7  is  - 

T\a—1ail  =  9.\'a—tail^S'a~tail^S’a—tail{^'  R\a+) 

where 


9 Ka  —  tail  —  0.013  //S 


9dtn»,Sa—tail  =  1.0mS/cm2 

Table  5.3  lists  the  parameters  for  the  Jsa-tail  gating  variables.  These 
are  the  rate  functions  for  the  activation  variable,  m.  of  l\a-taii  - 


tat7 


nnn.  f(Y  +  5)0.95  -8  -F\ 
=  0.025exp^- - - J 


RT 

-  nno-  / (—5  —  V')0.05  •  &  •  F\ 

S' a— tail  =  0.02oexp^ - - J 

These  are  the  rate  functions  for  the  inactivation  variable,  h.  of  Is'0-taii 


°h.\a—tail 


=  0.0017  exp^ 

( 


(V +  47)0.8 --6  F 


") 


iih.Sa-toii  =  0.0017  exp 


RT 

(-47- V)0.2  -6  F 


RT 


-) 


Figures  5.13  and  5.14  show  the  voltage  dependence  on  the  steady-state 
values  and  the  time  constants  for  the  m.vB_t0,7  and  7»A'a— <oi/  variables. 
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Figure  5.13:  Steady-state  curves  (mx  and  /)x  )  for  7  and  h\a-ta,i. 


Figure  3.14:  Time  constant  curves  (r,„  and  77,)  for  in\0-toi7  and  h\a-ta,i- 
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Figure  5.15:  Steady-state  curves  (m^  and  /> x  )  for  squid  axon  J\a  and  the 

hippocampal  /.Va-trip  and  I X  a  —  rep* 

5.10  Comparison  of  I.\a-irig  and  I\a~rep  Kinetics 
With  Those  of  Squid  Axon  I\a  and  Rabbit 
Node  of  Ranvier  7\0 

Comparing  the  characteristics  of  the  squid  axon  I\„  kinetics  with  that  of 
1.x a— trig  and  /.v,-r<p  is  interesting.  Figures  5.15  and  5.16  illustrate  the  m 
and  h  steady-state  and  time  constant  curves  for  these  three  currents.  The 
salient  differences  include  the  substantial  overlap  (giving  a  large  window- 
current)  in  the  squid  m ^  and  curves  and  the  much  lower  valence  of  the 
respective  squid  l\q  gating  particles  implied  by  these  curves,  as  compared 
to  the  HIPPO  curves. 

5.11  Discussion  of  Functional  Roles  of  the  Pro* 
posed  „Ytt+  Currents 

Once  we  have  constructed  the  three  model  currents  that  successfully  repro¬ 
duce  the  data,  it  is  important  to  ask  what  roles  these  currents  might  play 
in  the  pyramidal  cell.  Consider  I\a-tr,j-  The  characteristics  of  this  current 
allow  for‘a  sharp  firing  threshold  from  resting  potential.  The  advantage  of 
this  is  that  the  neuron  is  more  tuned  to  a  specific  input  firing  level:  there 
is  a  higher  noise  jnargin  in  regards  to  the  firing  efficacy  of  a  given  pattern 
of  synaptic  input.  In  addition,  the  lack  of  a  window  current  for  Isa-tng 
means  that  at  rest  or  at  subthreshold  membrane  potentials  there  will  be 
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Figure  5.16:  Time  constant  curves  (tw  and  fy)  for  squid  axon  I\„  and  the 
hippocampal  lNa  —  1rtg  and  Ift a  — rep* 

little  "wasted"  -V«+  current.  This  is  metaboiically  favorable  as  the  cell  does 
not  have  to  remove  the  buildup  of  A'a+  resulting  from  such  a  background 
current.  Likewise,  any  constant  inward  current  at  rest  would  have  to  be 
balanced  by  an  outward  (presumably  A‘+)  current  in  order  to  maintain  the 
resting  potential.  Again,  this  loss  adds  to  the  energy  requirements  of  the 
cell  at  "rest". 

Given  these  characteristics  of  I\a-tng*  a  regenerative,  higher  threshold 
\'<j+  current  is  necessary  in  order  to  mediate  the  higher  threshold  spikes 
that  are  observed  under  various  conditions,  including  bursting  on  top  of  a 
(presumably)  C«i+  depolarizing  hump,  and  repetitive  .Y«+-onlv  firing. 

What  could  be  the  advantage  of  this  second  .Y a*  current?  Such  a  higher 
threshold  .Yo+  current  on  top  of  a  sharp,  lower  threshold  ,\<i+  current 
could  relax  the  requirements  of  the  repolarization  mechanism  during  a  train 
of  spikes  in  response  to  some  tonic  depolarization.  An  /.Va-rcp-type  cur¬ 
rent  could  mediate  later  action  potentials  without  the  requirement  that  the 
cell  repolarize  to  below  the  threshold  of  an  /.Yo-frij-type  current  -  all  that 
is  needed  *is  that  the  cell  repolarize  to  somewhere  below  the  threshold  of 
I\o~rep*  Simulation  of  repetitive  firing  (Figure  5.17)  shows  how  l\0-rrp 
could  furnish  the  major  portion  of  depolarizing  current  for  spikes  after  the 
first  spike  of  a  train. 

Allowing  the  cell  to  fire  again  from  a  higher  threshold  reduces  the  amount 
of  outward  current  needed  to  sustain  multiple  spikes,  which  in  turn  impose 
less  of  burden  on  the  cell's  machinery  for  maintaining  the  A’+  concentration 
gradient  .  In  addition,  the  overlap  of  the  activation  and  inactivation  curves  of 
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Figure  5.17.  C  urrent  clamp  simulation  of  normal  repetitive  firing  in  response 
to  1.0  nA  tonic  stimulus.  Note  the  fast  after-hyperpolarization  (fAHP)  after 
first  spike,  mediated  by  Ic  (Storm,  ibid)  (Chapter  7).  Slowing  of  firing  is  due 
to  activation  of  1\hp  (Chapter  7).  In  lower  part  of  figure  are  the  Isa-trig< 
AVi  — fai/*  /.Ya  —  rtp  currents  during  the  train. 


l.\a -tip  results  in  an  ill-defined  threshold  for  repetitive  firing,  allowing  for  a 
greater  flexibility  in  modulating  the  frequency  of  firing  by  other  mechanisms, 
e.g.  distinct  actions  of  the  various  A'+  currents. 

On  the  other  hand,  when  this  current  is  blocked,  there  is  a  degenerate 
response  to  large  tonic  stimuli,  as  will  be  demonstrated  in  Chapter  9  (ref. 
Figure  9.9).  As  will  be  discussed  later,  whether  this  dependence  of  repetitive 
firing  on  7v0_rep  is  physiological  or  pathological  is  not  obvious. 

What  about  the  proposed  /v0_ta,7?  As  constructed,  this  current  con¬ 
tributes  to  a  small  after-depolarization  during  a  normal  spike  that  muBt  be 
countered  by  an  outward  current.  In  our  simulations,  this  is  accomplished  by 
Job-  For  now  the  function  this  slowly-inactivating  Na+  current  might  have 
is  not  clear.  Perhaps  this  current  may  be  inhibited  in  certain  circumstances, 
allowing  it  to  play  a  role  in  mediating  repetitive  firing.  Such  speculation 
awaits  further  evidence  of  such  a  J\a-ta,i  in  actual  cells.  An  important 
related  question  is  whether  or  not  the  J.\a-taii  (if  it  exists)  is  either  physi¬ 
ologically  modulated  by  factors  that  do  not  affect  the  other  currents,  or  is 
its  role  in  shaping  the  response  of  the  cell  a  constant  one? 

In  Chapter  9  the  effect  of  ].\a-tau  on  repetitive  firing  will  be  compared 
with  that  of  other  current  s. 
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Chapter  6 

ESTIMATING  Ca++ 
CURRENTS  AND 
ACCUMULATION  OF  Ca2+ 
IN  THE  CELL 


6.1  Introduction 

This  chapter  describes  the  two  calcium  (Cn2+)  currents  that  have  been  de¬ 
scribed  for  the  HPC.  Ico  and  J(  as-  and  possible  mechanisms  that  establish 
the  concentration  of  free  Ca2+  in  various  regions  underneath  the  cell  mem¬ 
brane. 

For  the  current  version  of  the  model  the  goals  set  for  the  characteri¬ 
zation  of  the  Ca2+  phenomena  were  quantitatively  relatively  modest  and 
based  partly  on  heuristics.  In  summary,  the  desired  behavior  of  the  system 
included  : 

•  Generation  of  Co2+-only  spikes  that  were  qualitatively  similar  to  ac¬ 
tual  Co2+ -only  spikes. 

•  Voltage  |nd  time-dependent  changes  in  [Ca2+]  underneath  the  mem¬ 
brane  -[Ca2+]thtli.i  and  [Ca2+],htu.2  80  as  to  mediate  two  A'+  currents 
(lc  and  Iahp)- 

•  Response  to  voltage  clamp  protocols  in  qualitative  agreement  with  the 
available  data. 
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The  effect  of  the  change  in  [Ca2+]1/ie(/.i  on  Eca  was  also  considered, 
assuming  that  Eca  is  determined  by  the  concentration  gradient  across  the 
membrane  in  the  vicinity  of  the  Ica  channels. 


6.2  Calcium  Current  -  Ica 

Many  workers  have  reported  Co2+  currents  in  HPC  ([6],  [13],  [15].  [18],  [28], 
[33],  [38],  [40].  [41],  [53],  [55]).  The  fast  Ca2+  current  in  the  model,  Jca, 
which  underlies  Ca2+-only  spikes  has  kinetics  similar  to  that  of  Isa-trig , 
except  that  the  curves  for  the  gating  variables  are  less  steep  and  the  'ime 
constants  are  about  one  order  of  magnitude  slower.  These  kinetics  wc 
originally  based  on  those  used  by  Traub  and  Llinas  [49],  [48]  in  their  hip¬ 
pocampal  and  motorneuron  models. 

In  deriving  the  kinetics  of  7c„  I  attempted  to  reproduce  current  clamp 
records  from  cells  in  which  both  Na+  currents  and  Idr  were  blocked  with 
TTX  and  TEA,  respectively  ([41]).  In  these  cells  slow  Ca2+-mediated 
"spikes"  were  elicited  by  long  depolarizing  current  steps.  Spike  threshold 
was  dependent  on  the  holding  potential  prior  to  the  current  stimulus.  Para¬ 
doxically.  the  higher  the  holding  potential  the  lower  the  threshold.  At  the 
extreme  ,  a  holding  potential  of  -70  millivolts  resulted  in  elimination  of  a 
regenerative  response  after  the  stimulus  (though  some  inward  current  was 
activated  during  the  stimulus).  On  the  other  hand,  a  holding  potential  of 
-40  millivolts  resulted  in  a  firing  threshold  for  the  Ca2+  spike  of  about  -30 
millivolts.  This  behavior  is  contrary  to  what  might  be  expected  from  a  cur¬ 
rent  with  activation /inactivation  properties  similar  to  a  fast  Na+  current,  in 
which  case  a  lower  holding  potential  would  cause  the  inactivation  to  be  more 
completely  removed,  thereby  lowering  the  firing  threshold.  Segal  and  Barker 
proposed  that  the  observed  behavior  of  the  Cc2+  spike  was  due  to  the  action 
of  the  transient  A'+  current  I  a  (Chapter  7.);  when  the  cell  was  held  at  the 
lower  potential,  the  inactivation  of  1a  was  removed  so  that  the  subsequent 
depolarization  allowed  the  activation  I  a  to  counter  the  activation  of  lca- 
Holding  the  cell  at  the  higher  potential  inactivated  I  a*  thereby  allowing  the 
later  depolarizing  current  pulse  to  elicit  the  Ca2+  spike.  The  formulation 
for  the  kinetic^,  of  Ica  was  therefore  tied  somewhat  to  the  description  of  I  a 
in  the  model. 

Another  action  of  Ic„  that  I  attempted  to  reproduce  was  its  apparent 
role  in  the  slow  depolarizing  hump  that  is  observed  in  some  cells  which 
exhibit  burst  firing  ([48]),  as  I  mentioned  in  the  previous  chapter  in  the  dis- 
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cussion  of  Isa-rtp  function  during  repetitive  and  burst  firing.  At  this  point 
the  model  does  not  exhibit  such  behavior.  In  fact,  such  a  hump  between  -60 
and  -40  millivolts  is  inconsistent  with  the  apparent  Ica  (slow)  activation  at 
approximately  -40  millivolts.  The  supposed  Co2+-mediated  hump  is  possi¬ 
bly  due  to  lea  channels  in  the  dendrites,  rather  than  somatic  Ic0.  In  the 
dendrite  current  input  local  or  distal  to  the  site  of  the  lca  channels  could 
activate  the  channels  without  raising  the  soma  voltage  beyond  10  millivolts 
or  so  above  rest.  Once  activated,  the  dendritic  Ca2+  conductances  could 
supply  enough  long-lasting  inward  current  to  cause  the  somatic  hump  in 
question.  In  future  studies  with  HIPPO,  such  conductances  will  be  placed 
on  the  dendrites  to  test  this  hypothesis  (ref.  Chapter  11). 

Another  requirement  for  the  kinetics  of  Jca  was  that  this  current  not  be 
significantly  activated  during  the  normal  action  potential.  This  is  based  on 
the  assumption  that  the  effect  of  Cfl2+  blockers  on  the  shape  of  the  action 
potential  is  due  mainly  to  the  subsequent  inhibition  of  Ic  and  IahP ■  This 
was  accomplished  by  including  two  activation  particles,  s.  in  order  to  force 
a  delay  in  activation  with  depolarization,  and  likewise  adjusting  the  curves 
for  Soc,  and  rT  so  that  during  the  regular  spike  .*  would  change  little,  while 
during  the  sustained  depolarization  required  to  elicit  the  C«2+  spike  *  would 
have  enough  time  to  move  to  the  open  position. 

In  addition,  it  was  necessary  to  set  the  order  of  .s  to  three  so  that  sub- 
threshold  activation  of  $  during  regular  spikes  did  not  allow  significant  (in 
terms  of  membrane  depolarization)  lca- 

An  important  characteristic  of  C'fl2+  spikes  is  the  abrupt ly-biphasic  repo¬ 
larization  (see  [41]).  The  initial  decay  after  the  peak  of  the  spike  is  relatively 
slow,  presumably  due  to  residual  /c„.  until  the  membrane  potential  reaches 
about  -10  millivolts.  The  membrane  then  rapidly  repolarizes  to  the  resting 
(or  holding)  potential,  as  if  Ica  was  suddenly  turned  off. 

Since  this  knee  occurs  well  depolarized  from  the  spike  threshold  (between 
-40  and  -30  millivolts),  it  cannot  be  due  to  complete  de-activation  of  the 
activation  gating  particle  (s)  that  underlies  the  threshold. 

Als6.  I  was  not  able  to  adjust  either  the  number  of  nor  the  kinetics  of 
the  inactivation  particle  (tr)  so  that  a  delayed  yet  abrupt  inactivation  could 
account  for  thejcnee.  However,  by  adjusting  the  steepness  of  the  $x  curve  so 
that  the  effective  steady  state  activation  (in  the  hyperpolarizing  direction) 
began  to  drop  off  around  -5  millivolts,  the  start  of  de-activation  as  the 
Co2+- only  spike  repolarized  to  this  level  contributed  a  moderate  knee  in  the 
simulated  spike.  With  the  present  version  of  /c0,  simulated  Ca2+  spikes 
(Figure  6.1  have  an  analogous  repolarizaiion  knee,  but  this  is  not  as  steep 
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Gating  Variable 

2 

D 

Qo 

T0  (ms) 

s  (activation) 

4 

0.5 

0.10 

-24.0 

2.0 

tr  (inactivation) 

-12 

0.2 

0.001 

-35.0 

5.0 

Table  6.1:  Parameters  of  Ica  Gating  Variables 


and  does  not  occur  quite  as  depolarized  from  the  spike  threshold  as  some  of 
the  reported  Ca2+-o nly  spikes. 

In  these  simulations  inactivation  of  the  tv  variables  contribute  to  the 
repolarization  knee.  Future  versions  of  the  Ica  description  may  include 
either  more  than  one  inactivation  or  activation  gating  variables,  or  may  use 
a  gating  variable  with  a  more  complicated  state  domain  (e.g.  more  than  two 
stable  states).  Also  to  be  considered  is  the  possibility  that  in  these  reports 
un-blocked  outward  currents  also  are  involved,  particularly  because  different 
data  suggest  that  the  repolarizing  phase  of  Ca2+-only  spikes  is  quite  long 
and  without  the  described  knee  (Storm,  personal  communication). 

With  present  description  of  /rale  and  Ca2+  accumulation  underneath 
the  membrane  the  amount  of  Cfl2+  that  flows  across  the  membrane  during 
regular  action  potentials  changes  Eca  by  at  most  20  millivolts  (see  Fig¬ 
ure  6.8.  The  Ca2+  influx  during  the  pure  C'o2+  spike,  however,  is  enough 
to  change  Ec„  so  that  at  the  peak  of  the  spike  Eca  drops  to  about  10  mil¬ 
livolts  (ref.  Figure  6.8).  The  reduction  of  Eca  during  Oi2+-only  spikes  is 
a  contributor  to  the  reduction  of  Ic  .  and  in  fact  is  the  limiting  factor  as 
to  the  magnitude  of  the  Co  2+ -only  spike.  These  results  suggest  that  mea¬ 
surement  of  Eca  1  during  C'a2+ -only  spikes  can  help  validate  the  description 
of  Ca2+  -accumulation  underneath  the  membrane  described  here  or  suggest 
alternative  descriptions. 

The  equation  for  Jca  is  - 

ha  =  9CasCawCa(V  ~  ECa) 

where  . 

9Ca  =  -6-1  MS 


JFor  example  by  using  hybrid  clamp  protocol  in  which  the  reversal  potential  for  the 
spike  current  is  measured  at  different  points  of  a  Co24 -only  spike  by  switching  from  current 
clamp  to  voltage  clamp. 
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Figure  6.1:  Current  clamp  simulation  of  Cn2+  spike.  Non-linear  currents 
include  /<■•„  Iahp-  and  I  a. 
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Figure  6.2:  Steady-state  curves  (x«,  and  u-x  )  for  »c  a  and  wc„  and  effective 
curves  as  would  be  measured  by  voltage-clamp  experiments. 

Table  6.1  lists  the  parameters  for  the  Ici  gating  variables.  These  are 
the  rate  functions  for  the  activation  variable,  s.  of  I(  0  - 


o,.ru  =  0.1  exp( 

Ml'  +  24 )0.o •  4  •  F\ 

k  RT  ) 

*3.c*  =  0.1  exp  ( 

(-24  -  1)0.*)  -4  r\ 

RT  ) 

These  are  the  rate  functions  for  the  inactivation  variable. 

ou.Ca  =  0.001  exp| 

Ml’  +  3>)0.2-  -12  •  F\ 

<  RT  ) 

iu.Ca  =  0.001  exp^ 

(-33-  r)0.K  -12  n 

RT  ) 

Figure  6.2  and  Figure  6.3  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  *ca  and  ycA  variables. 


6.3  Slow  Calcium  Current  -  leas 

IcaS  is  a  slow,  ndh-inactivating  current  (e.g.  [28]).  While  it  has  been  re¬ 
ported  that  this  current  is  a  true  Cai+  current,  careful  examination  of  the 
data  for  Ic-,s  suggests  that  the  reversal  potential  for  this  current  is  around 
0  millivolts,  implying  that  Jcas  is  a  mixed  carrier  current. 
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Figure  6.3:  Time  constant  curves  (r,  and  ru.)  for  »ca  and  u‘c9- 


Gating  Variable 

D 

‘ 

Oo 

r0(ms) 

i  (activation ) 

m 

na 

4.0 

-30.0 

0.1 

Table  6.2:  Parameters  of  IcaS  Gating  Variables 


The  small  conductance  of  this  current  (0.0*  /iS ).  combined  with  the  slow 
onset  of  its  activation  variable  x  (tx  is  reported  to  range  from  50  to  100  mil¬ 
liseconds  )  suggest  that  Icos  has  only  a  small  functional  role  during  repetitive 
firing.  At  this  stage  of  the  model,  such  a  role  has  not  been  demonstrated. 

The  equation  for  Ic  as  is  - 


Ic-I'i  =  9CnSx('t »>'0  ~  E(„S ) 


where 


EcaS  =  Omilli  volts 


9(aS  =  0.0*  ;/S 

Table  6.2  lists  the  parameters  for  the  /<■•*>•  gating  variables. 

These  are  the  rale  functions  for  the  activation  variable,  r.  of  /ra>' 


«r.CoS 

aS  '• 


,n  ((V  +  30)0.5  •  25  •  F' 
=  4.0 exp (  ■ 


4.0  exp 


( 


V  RT 
(-30-  1  )0.5-25  F 


RT 


-) 
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Figure  6.4:  Steady-state  curve  (x*  for  *C  oS- 

Figure  6.4  show  the  voltage  dependence  on  the  steady-state  value  for 
the  Tcas  variable. 


6.4  Mechanisms  Regulating  [C«2+],/,e//.i  and  [Ca2+]sh<u. 2 

To  recapitulate,  there  were  three  reasons  to  consider  the  accumulation  of 
C'a2+  underneath  the  membrane  as  a  result  of  the  influx  of  C’a2+  currents: 

1.  Activation  of  Iahp  is  presumed  to  be  dependent  on  the  influx  of  IcQ. 

2.  Activation  of  Ic  is  presumed  to  be  dependent  on  the  influx  of  Ic  „. 

3.  The  very  low  resting  value  of  [Ca2+];n  (typically  assumed  to  be  about 
oOnM)  and  the  low  resting  value  of  [Ca2+]out  (on  the  order  of  a  few 
mM )  implies  that  the  influx  of  Ca3*  from  lea  can  significantly  change 
the  ratio  of  the  extra-cellular  and  intra-cellular  [Co2+] ,  changing  £ca. 
resulting  in  negative  feedback  via  reduction  of  the  driving  force  for  the 
Ca2+  currents. 

For  the  activation  of  Iahp  and  Ic  ,  the  observed  Co2+  dependence  is 
assumed  to  involve  some  mechanism  between  free  intracellular  CoJ+  and 
the  individuaWhannels  2  The  simple  relationship  that  is  used  in  the  present 
model  assumes  that  activation  of  both  Iahp  and  Ic  is  (partially)  depen¬ 
dent  on  C'a3+  -binding  gating  particles  in  these  two  types  of  channels.  The 

1Muy  versions  of  this  mechanism  have  been  proposed  ([19]).  In  this  study  a  fairly 
simple  mechanism  is  employed. 
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binding  of  Ca2+  to  the  gating  particles  is  reversible  and  the  behavior  of  the 
particles  obey  first  order  kinetics  (Chapter  7). 

The  time  course  of  Ic  and  Iahp  set  some  constraints  on  the  kinetics  of 
Ca2+  accumulation  underneath  the  soma  membrane.  As  shall  be  discussed 
in  detail  in  Chapter  7,  C'fl2+-mediated  activation  and  inactivation  of  Ic  must 
be  sudden  and  complete,  in  accordance  with  the  sudden  onset  of  Ic  and  the 
apparent  removal  of  Ic  prior  to  subsequent  spikes  in  a  spike  train.  Given 
the  sigmoidal  relationship  between  the  Ca2+  -dependent  gating  particles 
and  the  log  of  the  concentration  of  Ca2+  (ref.  Chapter  7,  Figure  X).  this 
means  that  the  [Ca2+]  that  mediates  Ic  must  rise  and  then  fall  quickly 
with  every  spike.  On  the  other  hand,  Co2+-mediated  activation  of  Iahp 
is  gradual,  getting  stronger  with  each  spike  in  a  train,  and  then  gradually 
decaying  over  one  second  or  longer. 

In  order  to  accommodate  these  two  patterns  of  Ca2+-mediated  behavior, 
a  two- region  shell,  single  core  model  was  developed.  In  this  model  both  Ica 
and  Ic  channels  communicate  with  a  distinct  part  of  a  shell  underneath 
the  soma  surface,  shell.  1.  Iahp  channels,  on  the  other  hand,  communicate 
directly  with  the  remainder  of  the  soma  shell,  shell. 2.  Ca2+  flows  between 
the  two  shell  regions  and  between  each  shell  region  and  the  soma  core  by 
simple  diffusion. 

The  physical  relationship  between  the  different  soma  shell  regions,  the 
relevant  channels,  and  the  soma  core  is  illustrated  in  Figure  6.5.  Figure  6.6 
shows  a  view  of  the  soma  membrane  surface  illustrating  the  proposed  seg¬ 
regation  of  Co2+  channels  and  Ic  and  Iahp  channels.  Figure  6.7  shows  the 
compartmental  model  based  on  this  arrangement  which  is  used  to  determine 
the  concentration  of  Ca2+  in  the  shell  regions. 

The  model  therefore  includes  a  shell  of  thickness  d,htii  on  the  intracellular 
face  of  the  membrane.  A  portion  of  this  shell  is  assigned  to  shell.  1  and  the 
remainder  is  assigned  to  shell. 2.  The  concentration  of  free  Co2+  in  shell. I, 
[Co2+]„fce/u,  is  a  function  of  the  two  Ca2+  currents.  Ica  and  /c„s  and 
movement  of  Ca2+  between  shell.  1  and  shell. 2  and  between  shell.  1  and  the 
core.  Likewise,  the  concentration  of  free  Ca2+  in  shell. 2  is  determined  by 
the  flow  of  Ca2+  between  shell.  1  and  shell. 2  and  between  shell. 2  and  the 
core.  The  concentration  of  Ca2+  in  the  core  is  assumed  to  be  a  constant 
since  the  volume  of  the  core  is  much  larger  than  the  volume  of  the  two  shells. 

The#  movement  of  Co2+  between  the  three  compartments  can  be  de¬ 
scribed  as  follows.  Let  A’j.  Xj,  and  A3  equal  the  amount  of  Ca2+  (nanomoles) 
in  shell. 1  (compartment  1),  shell.2  (compartment  2),  and  the  core  (compart- 


127 


OUTSIDE  OF  CELL 


C4++  IN 


MOVEMENT  OF  C»++ 


Figure  G.o:  Diagram  of  localization  of  Irn.  lc„s-  Ic •  and  I.AHP  channels  in 
distinct  regions  of  the  soma  membrane,  as  postulated  by  the  model.  This 
scheme  assumes  that  the  /<••,  .  lcis-  and  Ic  channels  are  all  in  close  proxim¬ 
ity  (i.e.  (‘htll.l).  such  that  the  immediate  change  in  [C'o2+]  in  the  vicinity 
of  the  C  a2+  current  channels  when  these  channels  conduct  is  sensed  by  the 
I(  channels.  Likewise,  the  Iahp  channels  are  assumed  to  reside  in  a  rela¬ 
tively  distant  area  of  the  soma  membrane,  such  that  the  rise  in  local  [Ca2+] 
around  these  channels  is  delayed  from  the  onset  of  the  Ca2+  currents. 
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Figure  6.6:  Proposed  segregation  of  Icn-  lc*  «t.  /r*  and  I  ah  P  channels  as 
seen  looking  onto  the  surface  of  the  soma.  The  effective  area  for  diffusion 
between  the  two  shell  regions.  A12.  is  determined  by  the  total  length  of  the 
dotted  line  in  the  figure  as  well  as  the  depth,  </,*«»,  of  the  shell.  In  the 
model  /4j2  was  lumped  with  Z?i2  to  yield  an  effective  diffusion  constant  for 
the  entire  flow  between  the  regions  (see  text ).  The  empirical  adjustment  of 
this  metric  to  give  ihe  desired  kinetics  is  then  equivalent  to  adjusting  this 
length  (i.e.  the  amount  of  communicating  surface  area).  Also,  the  dotted 
line  does  got  represent  a  distinct  physical  barrier  but  rather  a  boundary  for 
approximating  the  continuous  diffusion  case  with  compartments. 
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ment  3).  respectively.  In  the  same  manner  let  lj.  V2,  and  V3  be  the  volumes 
(ml)  and  C\,  C2<  and  C3  be  the  concentrations  of  Ca2+  (mM)  in  the  three 
compartments.  Let  Jj2,  J13  and  J23  be  the  flux  of  Ca2+  (nanomoles  per 
second  per  square  cm)  between  shill. 1  and  shill. 2.  shill. 1  and  the  core, 
and  shill. 2  and  the  core,  respectively,  and  let  Di:  be  the  diffusion  constant 
(cm  per  second  )  for  the  flux  Ju.  The  area  for  Ca2+  diffusion  between  any 
two  compartments  t  and  j  is  given  by  AtJ  (square  cm). 

The  change  in  the  amount  of  Ca2+  in  each  of  the  compartments  is  as 
follows: 


A, 

A2 

a3 


-JuA\2  -  j  13-^13  - 


ICo  +  ICaS 
2  x  l&F 


•^12^12  ~  J23A23 
«/l3^13  +  J23A23 


where  F  is  Faraday's  constant  and  the  currents  are  in  nano-amps.  The 
two  Ca2+  currents  contribute  only  to  the  change  in  the  amount  of  Co2+  in 
shell. 1.  There  is  a  factor  of  2  in  the  C'a2+  current  term  since  each  Ca2+  ion 
carries  two  charges,  and  there  is  a  minus  sign  preceding  this  term.  6ince  the 
inward  currents  are  defined  as  negative. 

The  flux  of  Ca2+  from  compartment  i  to  compartment  j  is  given  by 
Fick's  law.  as  follows: 

Jij  —  D,j{C,  —  Cj) 

Since  the  concentration  in  compartment  ?,  C,,  is  given  by  A",/l  then, 
incorporating  Fick's  law.  the  time  derivative  of  the  concentration  of  each 
compartment  is  as  follows: 


Ci  = 


G  = 


C3  = 


Xi 

li 

pr  (-A12D12(Ci  -  C2)  -  A13X?i3(C,  -  C3)  - 
A 2 

V* 

—  ^j4i2JD]2(C]  -  C2)  -  A23D23{C2  -  C3)) 


A3 

V3 
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-  jr^MsDlsiCi  -  C3)  +  A23D23(C2  -  C3)j 

The  volume  of  the  shell  is  determined  by  dthtU  and  the  surface  area  of 
the  soma,  shell.  1  is  set  to  cover  0.191  of  the  soma  surface,  with  shell. 2 
comprising  the  remainder  of  the  surface.  If  A  equals  the  surface  area  of  the 
soma  (square  cm),  the  areas  for  C«2+  flow  between  each  shell  region  and 
the  core  are  given  by: 


-4,3  =  0.001-4 
A23  =  0.999.4 

The  volume  of  each  shell  region  is  given  by: 


l'i  =  Ai3d,htii 
1 2  =  Aizd.h'U 

The  volume  of  the  core  is  set  equal  to  the  soma  volume,  since  d,htn  is 
much  smaller  than  the  soma  radius. 

D 13  and  D 23  are  equal,  since  each  shell  region  is  assumed  has  the  same 
proximity  to  the  core.  Let 

T>13  =  £*23  =  Dsh-cr 

D] 2  can  be  considered  as  equal  to  the  previous  two  diffusion  constants 
without  any  loss  of  generality  since  the  value  for  .4 1 2  may  be  adjusted  to 
allow  the  shells  to  equilibrate  much  faster  with  each  other  than  with  the 
(low  concentration)  of  the  core.  This  area  is  the  effective  diffusion  area  for 
Co2+  between  the  (intertwined)  regions  of  the  shell.  For  convenience,  let  us 
define 

D',h-sh  =  AuDu 

The  previous  expressions  can  now  be  used  to  give  the  following  equations 
for  Ci,  C 2.  and  C3: 


Ci 

C2 

C3 


2 _ r  p'sh-th 

ZirL  0.001.4 


d,hell 

1 


(Cl  ~  C2)  ~  Dgh-cr{Cl  -  C3)  + 


ha  +  JcaS 


0.001-4  x  2  x  103-FJ 


D 1 


ih—§h 


dthtil  LO.999-4 
Dih- 


(Ci  -  Cj)  -  Dth-cr(C2  -  C3) 


1  3 


-4i3(Ci  -  C2)  +  A23(C2  -  C3) 
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Now  we  assume  that 


V3 

ADfh-cr 


>  >  1  second 


so 

C3*  0 

and  C3  is  set  to  a  constant  50  nM.  At  each  time  step  [Cfl2+]#^e//.i  and 
lCa7+]lheU.2  are  calculated  by  integrating  the  above  differential  equations. 

The  relevant  parameters  were  adjusted  so  that,  given  the  previously 
estimated  kinetics  for  Ica,  during  single  and  repetitive  firing  the  concentra¬ 
tions  of  Ca2+  in  the  two  sub-membrane  compartments  had  the  time  cc  ’tses 
and  relative  magnitudes  discussed  earlier  in  this  section.  An  additional  con¬ 
straint  was  that  [Ca2+]ahtu.  1  could  not  change  so  much  during  either  normal 
action  potentials  or,  especially,  Ca2+  -only  spikes  so  that  Ec0  would  be  re¬ 
duced  too  quickly,  wiping  out  the  Co2+  driving  force  before  the  spike  was 
complete. 

The  following  parameters  satisfied  the  reported  constraints: 


dtheii  =  0.25/im 

Dah_ah  =  2.0  x  10“n(cm3/millisecond) 

D,k-CT  -  4.0  x  10" '(cm/millisecond) 

The  remaining  parameters  needed  to  calculate  the  concentration  of  intra¬ 
cellular  Co2+  derive  directly  from  the  previously  presented  soma  dimensions 
and  the  Cq2+  current  kinetics. 

This  description  is  somewhat  similar  to  that  used  in  other  modelling 
studies  ([48].  [2]).  in  particular  the  idea  that  local  accumulation  of  Co2+ 
in  a  limited  space  underneath  the  membrane  can  mediate  other  processes, 
and  that  the  kinetics  of  the  C'o2+  in  this  region  is  governed  by  first-order 
mechanisms. 

Figures  6.8  shows  how  the  concentration  of  Co2+  changes  in  the  two 
shell  regions  during  a  single  action  potential.  Figures  9.19,  9.23,  and  9.24 
show  how  the  concentration  of  Ca2+  changes  in  the  two  shell  regions  during 
a  train  of  action  potentials.  Again  in  Chapter  7  the  relationship  between 
these  concentrafions  and  the  activation  of  lc  and  Iahp  will  be  defined  in 
more  dejtail. 
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during  spike.  Bottom  Middle  -  [C'o2+]ljit//,i  during  spike.  Bottom  -  Eca 
during  spike. 

6.5  Calculation  of  ECa 

As  mentioned  earlier  Eca  was  calculated  at  each  time  step  from  the  Nernst 
equation,  using  the  current  [Ca2+],/,e/u  and  the  fixed  [Ca3*}out  as  the  rel¬ 
evant  concentrations  for  the  Eca  equation.  The  change  in  [Cg2+],a</m  and 
£c ,  during  a  tingle  action  potential  is  illustrated  in  Figure  6.8.  [Ca2+'],*,//.j 
and  £fa  during  a  Ca2+ -only  spike  is  shown  in  Figure  6.9.  During  the  Co 2+- 
onlv  spike  the  subsequent  fall  of  Eca  contributes  to  the  reduction  of 
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Figure  6.9:  Top  -  Simulation  of  C'a2+  -only  spike.  Top  Middle  -  Ica  during 
spike.  Bottom  Middle  -  during  spike.  Bottom  -  £Ca  during 

spike. 


6.6  Discussion 


The  Ca2+  system  parameters  described  here  are  highly  speculative  but  are 
based  on  valid  physical  mechanisms.  The  net  result  is  that  the  model  suc¬ 
cessfully  reproduces  a  wide  variety  of  Co2+-related  behavior.  Many  of  the 
parameters  were  developed  in  parallel  with  the  development  other  parame¬ 
ters  (e.g.  K+  current  parameters,  in  particular  those  defining  lc  and  Iahp)- 
and  this  interdependence  constrains  the  overall  problem. 

For  example,  including  the  two  shell  regions  may  appear  somewhat  arti¬ 
ficial:  yet  given  the  nature  of  Ica  3  (as  determined  by  Ca2+-only  spikes  and 
other  relatively  independent  evidence)  the  characteristics  of  these  compart¬ 
ments  are  constrained  by  (a)  the  dimensions  of  the  soma;  (b)  the  amount 
of  Ic a  entering  the  cell  during  Cfl2+'only  spikes,  which  in  turn  effects  Ec i- 
providing  negative  feedback:  (c)  the  amount  of  Ica  entering  the  cell  during 
regular  action  potentials:  and  (d)  the  a  prior  Ca2+  -mediated  characteristics 
of  lc  and  Iahp- 

In  sum.  modification  of  any  one  parameter  typically  resulted  in  a  widespread 
effect  due  to  the  numerous  feedback  loops  in  the  system,  and  these  loops 
helped  to  constrain  the  overall  modelling  problem.  Clearly  alternative  mech¬ 
anisms  may  be  suggested  for  the  model  features  described  here  (e.g.  more 
complicated  kinetics  for  the  Co2+-mediated  gating  particles  of  lc  or  Iahp)- 
but  at  the  very  least  such  alternatives  would  have  to  be  as  physically  plau¬ 
sible  as  those  suggested  here  and  would  also  be  subject  to  the  same  con¬ 
straints.  since  these  constraints  are  inherent  in  the  system  being  modelled. 


3In  the  results  presented  here  the  contribution  of  lc  a-  to  model  behavior  is  minimal. 
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Chapter  7 

ESTIMATING  K+ 
CURRENTS 


7.1  Introduction 

This  chapter  presents  the  six  A'+  currents  in  the  model  -  Ipp,  Ia.  Ic • 
Iahp •  hi-  and  Iq.  We  begin  by  reviewing  the  strategy  for  evaluating  the 
A  +  currents  data,  and  the  guidelines  that  constrain  the  development  of 
the  model  descriptions.  Next,  the  classical  "Delayed  Rectifier’'  A'+  current. 
Ipp ,  and  the  so-called  “A"  A'+  current.  IA.  are  described.  Following  this,  a 
brief  description  of  the  C'o2+-mediated  ir  gating  particles  incorporated  in  the 
model  description  of  Ic  and  Iahp  is  presented,  followed  by  the  discussion  of 
these  two  Co2+-mediated  K+  currents.  The  chapter  closes  with  descriptions 
of  two  more  A‘+  currents.  Im  and  Iq.  In  this  chapter  the  action  of  each  of  the 
A'+  currents  on  specific  features  q£the  single  spike  and/or  repetitive  6pikes 
will  be  demonstrated,  primarily  with  comparisons  between  simulations  and 
data. 


7.2  Review  of  Strategy  for  Evaluating  K+  Cur¬ 
rents 

As  described  in  Chapter  2.  forming  a  plan  for  building  the  model  was  not 
trivial,  given  that  the  quality  of  data  for  the  currents  varied  greatly  and  that 
the  action  of  some  currents  was  mainly  seen  in  concert  with  other  currents, 
thereby  complicating  the  parameter  estimation  for  a  (presumably)  unique 
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conductance. 

The  data  for  A'+  currents  ranges  from  complete  to  marginal,  in  terms  of 
the  volt  age- dependence  of  each  current's  kinetics,  the  absolute  magnitude 
of  each  conductance,  and  the  relationship  of  a  given  current  with  other 
factors  (in  particular  intracellular  C'a2+).  in  addition,  for  some  currents 
(e.g.  JA  and  Ic).  although  a  plethora  of  data  may  be  available  much  of  it 
is  inconsistent  with  each  other.  It  was  very  difficult  to  sort  through  this 
body  of  information  and  decide  what  data  could  be  applied,  which  should 
be  discounted,  and  what  assumptions  should  be  used  to  fill  in  the  gaps. 
Often  consultation  with  Drs.  Adams  and  Storm  provided  some  insight  for 
this  problem. 

In  order  to  make  progress  a  set  of  references  had  to  be  chosen  as  a  “gold 
standard",  particularly  when  data  from  different  reports  were  inconsistent. 
The  primary  standard  that  I  used  was  the  data  from  Storm.  1986.  Using 
this  data  as  a  first  reference  had  the  advantage  that  1  could  both  examine 
the  original  data  of  Dr.  Storm’s  and.  when  necessary,  obtain  insights  from 
him  as  to  the  implications  of  the  data.  In  this  chapter  and  others  many  of 
the  comparisons  between  simulation  and  experimental  data  are  done  using 
data  from  this  report. 

In  summary,  the  data  for  Idr.  IA.  Iy.  and  Iq  is  more  complete  than 
that  for  Ic  and  Iahp •  For  Idr  and  1A.  estimations  of  steady  state  acti¬ 
vation/inactivation  parameters  from  voltage  clamp  are  available,  although 
the  associated  time  constant  data  is  not  as  complete.  Also,  there  is  strong 
evidence  as  to  these  currents'  specific  roles  from  various  current  clamp  pro¬ 
tocols.  On  the  other  hand,  much  of  the  data  used  to  evaluate  these  currents 
are  taken  under  conditions  in  which  several  other  currents  are  simultane¬ 
ously  active,  making  it  difficult  to  separate  each  contribution.  For  7,\/  and 
Iq  the  situation  is  similar  in  that  there  is  good  data  on  steady  state  activa¬ 
tion  (the  evidence  shows  that  these  currents  do  not  inactivate)  from  voltage 
clamp  studies,  with  sparse  estimates  on  the  time  constant  parameters.  How¬ 
ever,  evaluating  the  behavior  of  Im  and  Iq  is  somewhat  easier  than  doing  so 
for  Idr  and  I  a  since  these  currents  are  activated  in  relative  isolation  with 
respect  to  the  other  currents. 

In  the  case  of  Ic  and  IAHPi  little  voltage  clamp  data  is  available  for 
either  their  steady  state  or  temporal  properties  of  any  presumed  activa¬ 
tion/inactivation  parameters.  In  addition,  describing  these  currents  is  com¬ 
plicated  by  the  fact  that  they  are  presumably  mediated  by  intracellular 
Co2+.  Little  quantitative  data  is  available  on  this  interaction  for  either  cur¬ 
rent,  and  there  is  at  present  no  consensus  among  workers  in  this  field  as  to 
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the  mechanisms  involved.  As  introduced  in  the  previous  chapter  and  which 
shall  be  expanded  upon  later.  1  have  made  the  simple  assumption  (like  that 
used  by  other  workers,  e.g.  [48])  that  Ic  and  Iahp  are  dependent  on  a 
power  of  the  concentration  of  Oc2+  either  directly  beneath  the  membrane 
or  in  a  secondary  “compartment".  This  is  a  highly  speculative  model,  as 
discussed  in  the  previous  chapter.  The  parameters  of  this  description  are 
based  primarily  on  heuristics,  specifically  the  simulation  of  the  fAHP  and 
the  AHP  that  is  observed  in  HPC.  Making  the  situation  more  difficult  is  the 
fact  that  there  are  no  protocols  to  date  in  which  Ic  or  Iahp  are  activated 
without  the  concomitment  presence  of  other  currents,  thereby  inextricably 
tying  the  behavior  of  any  set  of  estimated  parameters  for  these  currents  to 
those  of  other  currents. 

In  light  of  the  above  situation.  I  developed  the  present  description  of  the 
A  +  currents  in  the  following  way  *: 

1.  Begin  with  the  data  on  Im  and  Iq.  with  estimates  on  the  time  con¬ 
stants  derived  from  the  data  and  the  HH  single  barrier  model.  For  Iq 
its  parameters  did  not  affect  the  later  development  since  this  current 
is  only  activated  at  potentials  lower  than  that  generally  considered  in 
the  simulations. 

2.  Develop  an  estimation  of  Ipp  based  on  the  available  voltage  clamp 
data  and  the  simulation  of  data  on  action  potentials  in  which  Ipp  is 
presumably  ihe  only  repolarizing  current. 

3.  Develop  an  estimation  of  I  a  based  on  the  available  voltage  clamp  data 
and  simulation  of  action  potentials  in  which  presumably  the  only  A'+ 
currents  are  Ipp  and  I  a- 

4.  Re-evaluate  the  description  of  7,*/  with  simulations  that  reflect  the 
contribution  of  I,\j  to  the  action  of  Ipp  and  7^. 

5.  To  a  first  approximation,  the  actions  of  Ic  and  Iahp  are  independent 
of  one  another.  Ic  is  transient  over  a  time  span  of  a  few  milliseconds 
during  the  spike,  and  the  evidence  indicates  that  this  a  large  current. 
On  the  other  hand.  Iahp  activates  more  slowly,  is  small,  and  may  last 
from  0.5  to  several  seconds.  However,  since  both  these  currents  are 

’For  each  A'4  current.  as  with  the  A’o4  and  Co*4  currents,  building  the  description  of 
the  current  began  with  estimating  the  number  and  type  of  activation  and/or  inactivation 
and/or  Co*4 -mediated  activation  variables  governing  the  conductance. 
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dependent  on  Co2+  entry,  their  estimation  was  tied  to  the  description 
of  lea  and  the  mechanisms  regulating  [Co2+],Ae//.i  and  [Ca2+ 
Therefore,  while  the  behavior  of  the  Ic  or  Iahp  descriptions  could  be 
evaluated  independently,  whenever  the  Ca2+  mechanisms  were  modi¬ 
fied  to  alter  one  of  the  current's  action,  the  effect  of  the  modification 
on  the  other  current  had  to  be  checked. 

6.  As  the  descriptions  for  Ic  and  Iahp  evolved,  the  impact  of  a  given 
version  on  the  behavior  of  the  other  currents  had  to  be  continually 
re-evaluated.  At  times,  this  feedback  resulted  in  modifications  of  one 
of  the  other  currents.  In  these  cases  modifications  were  made  which 
stayed  within  the  envelope  of  parameters  that  had  been  already  estab¬ 
lished.  For  example,  modification  of  some  aspect  of  Ic  might  indicate 
that  the  parameters  of  I\a-tr,a  had  to  be  changed.  However,  this 
change  could  not  alter  the  aspects  of  /.va-<ria  that  had  been  fixed  by 
earlier  simulations  (e.g.  the  threshold  of  I\a-tng)- 

As  described  in  Chapter  5.  the  estimation  of  the  A'+  currents  involved 
many  iterations,  many  of  which  caused  re-evaluation  of  either  the  A  o+ 
currents'  or  Ce2+  system  parameters.  The  linear  parameters  of  the  model, 
however,  were  kept  constant,  since  these  parameters  were  established  based 
on  data  from  cells  in  which  all  non-linear  currents  had  been  inhibited. 

As  mentioned  earlier,  certain  agents  are  assumed  to  mediate  selective 
blocking  of  specific  currents,  in  accordance  with  the  generally  accepted  con¬ 
clusions  in  the  literature.  These  agents  and  their  actions  are  summarized  in 
Table  7.1.  Any  blocking  agent  used  experimentally  probably  does  not  act 
with  perfect  selectivity,  particularly  given  the  wide  variety  of  mechanisms 
that  have  proposed  for  their  action  (e.g.  receptors-site  mediated,  blockage 
of  the  channel  lumen,  secondary  block  of  Co2+-dependent  K+  channels  via 
block  of  Ca2+  channels).  However,  as  a  first  approximation,  perfect  selec¬ 
tivity  is  often  assumed  when  evaluating  the  data  (for  example  application 
of  4-AP  blocks  only  I  a.  leaving  the  remaining  currents  untouched). 

7.3  Delayed  Rectifier  Potassium  Current  -  Jdr 

The  delayed-rectifier  potassium  current  is  similar  to  the  classical  delayed 
rectifier  for  the  squid  axon  as  described  by  Hodgkin  and  Huxley.  The  pa¬ 
rameters  for  this  current  were  initially  taken  from  [42].  who  identified  Iqr 
in  voltage  clamp  studies  as  a  large,  slowly-activating  100  milliseconds). 
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Current 

NA 

TEA 

4-AP 

ACH 

Ba 

Muse 

~C^~ 

blk 

Idr 

++ 

+?  (1) 

+?  (1) 

1a 

+  (2) 

-(3) 

+  + 

h 

++  (4) 

++  (4) 

Iahp 

++ 

(2.4) 

-(4) 

++  (4) 

hi 

++  (1) 

++  (1) 

-  (1) 

1q 

++  (1) 

-d) 

Table  7.1:  Typical  chemical  agents  used  to  block  specific  currents,  as  re¬ 
ported  by  different  investigators.  (  +  )  indicates  reduction,  (++)  indicates 
blocking,  (-)  indicates  no  effect.  NA  =  Norepinephrine.  TEA  =  Tetra-ethyl 
ammonium.  4-AP  =  4-Aminopyridine,  Ach  =  Acetylcholine,  Ba  =  Barium, 
Muse  =  Muscarine,  Co2+-blk  =  Co2+-blockers  (e.g.  Cadmium.  EGTA).  (1) 
-  [16].  (2)-  [39].  (4)-  [30].  (3)-  [43] 

very-slowly  inactivating  (~  3  seconds),  TEA-sensitive  A'+  current.  How¬ 
ever,  the  voltage  clamp  was  only  taken  to  -35  millivolts,  so  it  is  possible 
that  only  the  beginning  of  the  Ipr  characteristics  were  measured.  In  par¬ 
ticular.  I  propose  that  the  time  constant  for  activation.  rx.  drops  to  about 
1-2  milliseconds  at  membrane  potentials  greater  than  -20  millivolts. 

My  description  of  this  current  is  based  on  the  data  of  [42].  specifically 
the  reported  steady-state  activation/inactivation  curves.  In  the  model  Ipp 
is  constructed  so  that  it  may  function  as  a  major  repolarizing  component 
during  the  action  potential.  Such  a  role  is  indicated  by  current  clamp  ex¬ 
periments  in  which  the  spike  is  quickly  repolarized  by  a  TEA-sensitive  com¬ 
ponent  in  the  presence  of  Ca2+  blockers.  These  blockers,  which  disable  the 
Ca+  currents,  presumably  also  disable  any  Ca+-mediated  K+  currents,  in 
particular  Ip.  In  summary,  the  main  actions  that  I  determined  IpR  served 
included: 

•  Repolarize  the  action  potential  fully  when  all  other  A'+  currents  have 
been  blocked 

•  Reduce  in  the  presence  of  other  repolarizing  currents  so  that  no  extra 
hyperpolarization  is  observed 
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•  Mediate  the  medium  after-hyperpolarization  (mAHP).  independent  of 
any  other  A'+  currents 

•  Repolarize  the  cell  sufficiently  during  tonic  stimulation  so  that  repet¬ 
itive  firing  at  the  threshold  of  I\a-trig  could  occur 

•  Activate  independently  of  the  width  of  spike  since  the  mAHP  is  unaf¬ 
fected  by  the  slower  repolarization  with  4-AP  or  Ca2+  blockers 

As  will  be  discussed  shortly,  there  is  evidence  that  Ic  plays  a  major  role 
in  spike  repolarization  under  certain  conditions,  and  in  fact  it  has  been  sug¬ 
gested  that  this  current  is  the  major  repolarizing  current  in  bullfrog  sympa¬ 
thetic  neurons.  Since  action  potentials  are  quickly  repolarized  in  hippocam¬ 
pal  pyramidal  neurons  under  conditions  that  would  eliminate  Ic-  however, 
it  was  thought  that  the  characteristics  of  Idr  would  allow  it  to  reprise  it 
classical  role  when  Ic  has  been  disabled. 

7.3.1  Results 

This  effort  was  successful  in  simulating  the  TEA-sensiiive  repolarization  of 
the  action  potential,  as  shown  in  Figure  7.1.  In  addition,  this  formulation 
of  Ipp  kinetics  was  able  to  simulate  the  voltage  clamp  results  as  reported 
by  [42]. 

Three  activation  particles  ( j)  were  used  in  the  formula  for  the  Idr  con¬ 
ductance  so  that  activation  of  this  currenl  would  be  delayed  after  the  initial 
rise  of  the  action  potential.  A  single  inactivation  particle  (p)  was  used  since 
it  has  been  reported  that  this  current  does  indeed  inactivate  ([42]).  However, 
the  time  constant  for  y  is  quite  slow  over  most  of  the  physiological  range 
of  membrane  voltages  (ref.  Figure  7.3.  so  that  during  the  action  potential 
and  afterwards,  the  demise  of  I  dr  is  primarily  due  to  removal  of  activation 
rather  than  inactivation.  Removal  of  Idr  by  inactivation  after  the  spike  is 
consistent  with  the  mechanism  of  Idr  in  the  squid  axon  as  described  in  [21], 
[20].  [22],  [23]. 

The  valences  and  the  1  i-t_dr  ar,d  1  \,v,dr  f°r  x  an<^  V  was  detennined 
by  the  and  yx  curves  reported  by  [42].  In  the  case  of  the  t  particle  the 
third  power  of  xin/ly  was  matched  to  the  [42]  data. 

The  curve  for  tt>dr  was  skewed  to  the  left  (“ t.dr  =  0.9)  so  that  Idr 
would  remain  activated  after  the  spike  long  enough  to  cause  the  mAHP,  and 
so  that  tX'DR  was  consistent  with  the  reported  values  of  approximately  180 
milliseconds,  V  <  -30  millivolts,  approximately  6  milliseconds  otherwise. 
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Gating  Variable 

z 

7 

<*0 

V'x  (mV) 

to  (ms) 

x  (activation) 

0.95 

0.008 

-28.0 

0.5 

y  (inactivation) 

-9 

0.8 

0.0004 

-45.0 

6.0 

Table  7.2:  Parameters  of  Idr  Gating  Variables 


The  curve  for  tvdr  was  skewed  to  the  left  (")v.dr  -  0.2)  in  order  to  approx¬ 
imate  the  reported  approximate  value  of  4  seconds  for  y  (between  -50  and 
-30  millivolts,  [42]). 

On  the  other  hand,  in  order  that  activation  be  independent  of  the  width 
of  the  spike,  as  described  above,  it  was  necessary  to  set  the  base  rate  for 
tx.dr  to  0.5  milliseconds.  Later  in  this  chapter  and  Chapter  10  the  role  of 
Idr  in  concert  with  I  a  and  Iq  will  be  demonstrated,  including  examination 
of  Idr s  role  in  mediating  the  mAHP. 

Another  parameter  that  was  important  to  set  in  regards  to  I  or  was  its 
reversal  potential.  The  standard  value  of  -85  mV  for  Er  caused  I  dr  to 
be  too  strong  near  threshold,  specifically,  on  repolarization  of  the  spike  the 
I  dr  wiped  out  the  ADP  seen  in  the  data.  To  reconcile  this  problem  without 
significantly  altering  the  time  course  and  strength  of  Jdr  during  the  initial 
stage  of  the  spike  repolarization  and  the  later  mAHP,  it  was  necessary  to 
set  a  reversal  potential  for  this  current  distinct  from  the  general  Er.  Edr 
was  set  to  -73  millivolts,  which  proved  successful  in  obtaining  the  desired 
behavior.  This  was  felt  to  be  a  reasonable  adjustment,  since  (as  mentioned 
in  Chapter  2)  a  given  channel  is  not  necessarily  perfectly  selective  for  one 
species  of  ion  -  an  Edr  of  -73  mV  implies  that  Idr  is  slightly  contaminated 
with  an  occasional  .\o+  or  C’o2+  ion  hitching  along  with  the  predominantly 
h'+  flow. 

All  Idr  parameters  were  determined  at  30°C. 

The  equation  for  Idr  is  - 

Idr  =  9drx%r9dr(V  -  Edr ) 

where 


9  DR  =  0.7  [iS 


Edr  —  — 73mV 
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Figure  7.1:  A.  Action  potential  with  f'ai+  blockers  and  4-AP  in  external 
medium.  B.  Current  damp  simulation  of  (A.).  C.  Main  currents  in  simula¬ 
tion.  including  lDn ■  l\  ,-r.r.  and 
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Figure  7.2:  Steady-state  curves  and  y ^  )  for  xdr  and  yon  and  effective 
curves  as  would  be  measured  bv  voltage-clamp  experiments. 


Table  7.2  lists  the  parameters  for  the  IpR  gating  variables.  These  are 
the  rate  functions  for  the  activation  variable,  x.  of  Ipp  - 


o  j-.dr  =  0.008  exp  ^ 
4.DA?  =  0.008  exp 


(t  +28)0.95  -12-  F' 


(-28-  1)0.05-  12  F' 


These  are  the  rate  functions  for  the  inactivation  variable,  y.  of  Idr 

f(Y  +  45)0.8  •  -0  •  F\ 
o».DR  =  0.0004  exp^- - - J 


iv.DR  =  0.0004  exp  | 


'(-45-l')0.2-9-f' 


Figure  7.2  and  Figure  7.3  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  tqr  and  ypR  variables. 


7.4  A- Current  Potassium  Current  -  /* 

7.4  is  a  transient  K+  current  whose  classical  role,  first  defined  for  molluscan 
neurons,  is  to  modulate  excitability.  In  particular,  this  current  is  selectively 
blocked  by  4-AP.  and  the  convulsant  action  of  thi*  drug  is  attributed  to  its 
inhibition  of  7.4. 


Figure  7.3:  Time  constant  curves  (rr  and  rv)  for  and  yoR- 


Several  workers  have  reported  an  /. 4  in  HPC.  However,  the  data  obtained 
by  voltage  clamp  differs  somewhat  in  different  reports,  and  the  functional 
effect  of  I  a  (inferred  from  current  clamp  stimulation  with  and  without  4-AP 
or  other  /^-agonists)  varies  considerably.  In  general.  I  a  has  been  reported 
to  modulate  the  width  of  the  action  potential  and  influences  the  excitability 
of  the  cell.  References  which  report  voltage-clamp  measurements  of  this 
current  include  Segal  and  Barker.  1984  (42].  Halliwell  et  al.  1986  [17].  Zbicx 
and  Weight.  1985  [54].  Gustafsson  et  al.  1982  [14].  and  Segal  et  al.  1984  [43]. 
In  addition,  the  action  of  Ia  on  spike  repolarization  is  reported  in  Storm. 
1986b  [47].  Some  of  these  reports  will  now  be  summarized. 

Segal  et  al  measured  I  a  in  cultured  rat  hippocampal  cells  (subfield  not 
specified).  Making  their  measurements  at  21-  24°C,  they  report  that  JA  is 
half-inactivated  at  rest  (-70  mV),  has  a  \\/2  for  activation  at  about  -20  to  -30 
mV.  and  (apparently)  is  described  by  ba *  kinetics,  where  b  is  inactivation 
and  a  is  activation.  The  maximum  conductance  for  Ia  was  estimated  to 
be  greater  than  .5  pS.  The  time  constant  of  decay  at  (24°C)  is  about  24 
ms.  independent  of  voltage.  The  time  constant  to  peak  was  within  10  ms. 
Application  of  4-AP  lowered  spike  threshold  from  -44  to  -50  mV.  but  this 
procedure  did  not  broaden  the  spike.  2. 

Interestingly,  the  current  clamp  record  shown  in  this  report  demon¬ 
strated  spikes  with  a)  a  high  threshold  (-50  to  -44  millivolts,  as  compared 
to  typical  thresholds  of  about  -55  millivolts)  and  b)  small  amplitudes,  peak¬ 
ing  at  about  +5  millivolts,  as  compared  to  typical  action  potential  peaks  of 

’This  is  contrary  10  the  data  of  [47]  although  it  is  possible  that  in  the  [43]  report  they 
did  not  look  at  the  spike  carefully  enough. 
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approximately  +20  millivolts.  There  are  several  implications  of  this  data. 
First,  the  lowering  in  threshold  with  4-AP  implies  that  for  a  spike-producing 
stimulus  that  is  not  too  large,  over  a  voltage  range  of  about  5  millivolts  and 
for  almost  10  ms  there  is  little  inactivation  of  the  threshold  .Vo+  current. 
If  this  "trigger"  current  is  the  spike  initiation  current  here,  then  this  means 
that  at  either  threshold  the  steady  state  inactivation  is  practically  complete. 
For  no  inactivation  to  take  place  during  the  approach  to  the  higher  threshold 
spike,  this  means  that  the  time  constant  for  inactivation  of  the  .\a+  current 
in  this  range  must  be  greater  than  20  ms.  Likewise,  the  fact  that  4-AP  does 
not  change  the  amplitude  of  the  spike,  but  (probably)  changes  (slightly) 
the  width  of  the  spike  implies  that  either  a)  in  the  control  I \  transiently 
activates  and  is  gone  during  the  upstroke  of  the  spike,  only  to  reactivate 
during  repolarization  in  order  to  contribute  to  the  repolarization,  or  b)  1a 
is  present  during  the  entire  spike,  but  the  slower  onset  to  the  threshold  as 
mediated  by  I a  allows  stronger  activation  of  the  Aro+  current,  which  in  turn 
cancels  out  the  effect  of  J4  during  the  upstroke  and  peak  of  the  spike.  The 
first  possibility  is  not  likely  because  removal  of  inactivation  for  I  a  cannot 
take  place  during  repolarization  since  steady  state  inactivation  is  complete 
at  -oOmv. 

Halliwell  et  al.  investigated  C’Al  cells  in  slices  of  rat  and  guinea  pig 
hippocampus,  measuring,  at  28°C.  the  effects  of  dendrodotoxin  (DTX)  and 
4-AP.  They  report  an  1a  which  is  sensitive  to  both  these  agents,  has  a 
very  fast  onset  and  an  activation  curve  tliai  starts  near  -bOniY.  The  DTX- 
sensitive  component  was  .011A  at  a  -40mY  clamp  voltage  (v-holding  =  - 
76mY).  Inactivation  starts  at  about  -60  mY.  and  was  linear  to  -100  mY. 
The  time  constant  for  decay  of  the  DTX-sensitive  component  was  20  ms  at 
-40  mY.  and  seemed  to  slow  at  lower  potentials:  a  faster  decaying  outward 
component  which  was  resistant  to  4AP  or  DTX  (perhaps  lc )  decays  within 
about  10  ms. 

Gustafsson  et  al  measured  guinea  pig  CA3  pyramidal  cells  from  slice  at 
33°C  or  26°  C.  This  report  shows  activation  and  inactivation  characteristics 
similar  to  that  reported  for  the  cultured  cells  in  Segal  et  al.  1984.  with  a 
peak  current  at  -30  mV  of  5  nA.  A  faster  decaying  outward  component  of 
similar  size  remained  after  application  of  4AP.  and  this  component  may  in 
fact  have  two  components;  two  time  constants  of  the  faster  component  were 
measured  -  about  10ms  and  about  lsec  (  26°  C).  This  might  partially  reflect 
contribution  of  lc  ■ 

Zbicx  and  Weight  also  measured  guinea  pig  CA3  pyramidal  cells  from 
slice,  this  time  at  either  32°C’  or  33°  C.  These  workers  report  a  decay  time 
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constant  =  200  -  400  mS.  The  activation  to  peak  was  within  10  mS.  indepen¬ 
dent  of  voltage.  Peak  current  at  -35  mV  was  4  nA.  Threshold  for  activation 
of  I  a  was  -55  to  -50  mV.  It  appeared  that  above  about  -40  mV  inactivation 
had  two  components,  a  fast  one  with  a  time  constant  of  about  100  mS  and 
(after  about  100  mS)  a  slow  one  of  about  380  mS.  Lack  of  4-AP-sensitive 
tail  current  below  -54  mV  suggests  that  this  current  deactivates  very  rapidly 
upon  hyperpolarization. 

Finally.  Storm  reports  that  I  a  mediates  a  rapid  onset,  pre-spike  transient 
(several  hundred  milliseconds)  outward  rectification  that  delays  onset  of 
repetitive  firing  for  a  narrow  range  of  tonic  stimulus  strengths.  This  1a  does 
not,  however,  alter  the  frequency  of  firing  once  the  spike  train  starts.  This 
data  implies  that  under  the  reported  protocol  I  a  inactivates  during  the  IR 
(initial  ramp).  These  experiments  were  done  with  Mn.  which  presumably 
will  block  the  Co2+  currents  or  the  Ca2+-mediated  currents.  Also.  [47], 
reports  that  4-AP  broadens  the  repolarization  of  single  spikes,  but  does  not 
effect  the  fAHP  or  the  mAHP.  Under  some  protocols  addition  of  4-AP  (or 
Cd)  caused  a  second  (almost  twice  as  broad)  spike  to  be  fired  spontaneously 
within  10  milliseconds  of  the  first  spike.  The  second  spike  was  also  about 
5-10  millivolts  smaller  and  lacked  a  fAHP  under  either  4-AP  or  Cd.  Pre¬ 
hyperpolarizations  (-80mV  for  900ms)  enhanced  the  effect  of  4-AP  on  spike 
repo!  ariz^t  ion;  pre-depolarizations  (-58mV  for  900  ms)  reduced  effect  by 
about  half  that  of  the  hvperpolarizing  protocol,  implying  that  inactivation 
is  not  complete  at  -58mv.  In  the  current  study  the  records  from  this  report 
[47].  are  the  primary  ones  used  to  compare  the  simulations  with  actual  data. 

A  related  report  describes  the  putative  role  of  1  \  at  the  post-synaptic 
terminal.  Application  of  4-AP  has  been  described  as  enhancing  synaptic 
transmission  [45].  Irregular  firing  subsequent  to  the  IR  reported  by  [46] 
may  therefore  be  partially  due  to  enhancement  of  spontaneous  EPSPs  from 
inhibition  of  synaptic  I  a- 

To  summarize,  the  so-called  I  a  has  been  reported  by  different  investiga¬ 
tors  to: 

1.  Delay  onset  of  spike 

2.  Raise  spike  threshold 

3.  Mediate  transient  “initial  ramp*  (strong  outward  rectification)  prior 
to  initial  spike  in  response  to  tonic  stimulus  without  strong  role  during 
later  spikes  (particularly  frequency  of  later  spikes) 
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4.  Selectively  modulate  Tepolarization  of  single  spike  without  effecting 
mAHP  or  sAHP  and  have  a  minimal  effect  on  spike  amplitude 

The  data  includes  fairly  complete  measurement  of  the  steady  state  acti¬ 
vation  and  inactivation  curves,  but  there  is  not  complete  data  on  the  voltage 
dependence  of  the  appropriate  time  constants.  Current  clamp  data  showing 
the  previously  mentioned  effects  of  I4  are  available,  however.  Therefore  in 
order  to  simulate  this  current  I  began  with  the  reported  steady-state  curves 
and  then  derived  functions  for  the  time  constants  that  were  consistent  with 
the  voltage  clamp  data  and  that  reproduced  the  current  clamp  results. 

One  of  the  key  features  of  this  current  that  had  to  be  matched  in  the 
simulations  was  the  fact  that  during  the  spike  the  appearance  of  the  I  a  was 
exquisitely  timed  to  influence  just  the  main  part  of  the  repolarizing  phase. 
As  previously  mentioned,  experiments  in  which  spikes  were  elicited  with 
and  without  4-AP  showed  that  blockage  of  I  a  did  not  influence  the  ADP  or 
mAHP  ([47]).  thus  indicating  that  the  / 4  was  fully  deactivated/inactivated 
within  a  few  milliseconds  of  its  onset. 

7.4.1  Results 

The  results  for  the  derived  kinetics  are  shown  in  Figure  7.9.  which  includes 
the  reported  steady  state  curves  for  the  activation  variable  .r  and  the  inac¬ 
tivation  variable  y. 

The  channel  was  configured  with  three  activation  gating  particles  (r)  to 
obtain  a  delay  in  activation  with  depolarization.  The  effect  of  I4  is  seen 
only  1  to  2  milliseconds  after  the  peak  of  the  spike.  Raising  the  power  of  x 
was  necessary  to  obtain  the  required  delay  consistent  with  the  position  of 

curve  on  the  voltage  axis,  as  reported  by  [42]. 

On  the  other  hand,  given  the  y ^  curve  in  the  same  report,  no  delay  was 
necessary  for  the  inactivation  of  I  a-  and  only  one  y  variable  was  used  in  the 
channel  formulation. 

Figure  7.4  illustrates  the  contribution  of  I  a  on  the  repolarization  of  the 
single  action  potential  in  the  presence  of  Cc2+  blockers  (which  will  inhibit 
the  contribution  of  Ic  on  the  repolarization)  and  without  these  blockers. 
The  experimental  data  was  taken  by  measuring  the  response  with  and  with¬ 
out  4-AP. 

Figures  7.5,  7.6.  and  7.7  illustrate  the  data  from  [46]  and  simulations 
of  this  data  which  demonstrate  the  role  of  1a  in  mediating  the  IR  prior 
to  repetitive  firing.  In  the  simulations  the  IR  is  very  sensitive  to  stimulus 
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Gating  Variable 

z 

o0 

Vi  (mV) 

r0(ms ) 

x  (activation) 

3.5 

~oT 

0.2 

-52.0 

1.0 

y  (inactivation) 

-7 

0.4 

0.0015 

-72.0 

24.0 

Table  7.3:  Parameters  of  1a  Gating  Variables 


strength,  and  that  beyond  a  narrow  range  this  response  is  quite  diminished. 
This  characteristic  is  consistent  with  data  taken  under  similar  conditions 
(Storm,  persona]  communication). 

The  reported  action  of  I  a  related  to  the  increased  excitability  of  the  cell 
with  the  addition  of  4-AP  is  shown  in  Figure  7.8.  In  this  figure  recordings 
from  Segal  et  al  are  compared  with  simulations  of  similar  protocols.  The 
delay  in  firing  in  the  cell  without  4-AP  is  similar  to  that  demonstrated  earlier 
with  the  simulations  of  Storm's  data. 

All  I  a  parameters  were  determined  at  30°C. 

The  equation  for  I  a  is  - 

1a  =  O.ox^  jja  0  —  Ek  ) 

where 


gA  ~  0.5  //S 


Table  7.3  lists  the  parameters  for  the  I  a  gating  variables.  These  are  the 
rate  functions  for  the  activation  variable,  x ,  of  I  a  - 


Or.  a  =  0.2  exp 

( 


Jx.a  =  0.2  exp 


+  52)0.8-  3.5  F' 

RT 

(-52  -  V’)0.2  •  3.5  •  Fy 


RT 


•3.5 


These  are  the  rate  functions  for  the  inactivation  variable,  y,  of  I  a  - 

nftniE  f(V  +  72)0.6-  -7  -F\ 
aV'A  =  0.001 5  exp  y - — - J 


i3V'A  =  0.00 15  exp 


(-72-  l’)0.4-— 7-T 

RT  , 


Figure  7.9  and  Figure  7 .10  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  xa  and  variables. 
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Hgure  7.4:  Current  damp  data  of  action  potentials  which  demonstrate  the 
role  of  IA  during  repolarization.  A.  Action  potential  with  and  without  4-AP. 
B.  Current  clamp  simulation  of  (A.).  Non-linear  currents  here  include  JA . 
Idr-  h  .  lev  l\,-tr,3 .  /v«,-rt/..  and  C.  Action  potential  with  and 

without  4-AP  (Cn2+  blockers  added).  D.  Current  damp  simulation  of  (C.). 
Non-linear  currents  here  include  IA.  1DR.  /Vo_friJ.  l.Xa.rtp.  and 


Figure  T.o:  Current  clamp  records  (Storm.  19S6a)  of  repetitive  firing  in 
response  to  tonic,  small  amplitude  current  stimulus,  with  and  without  ap¬ 
plication  of  4-AP.  Mn  added.  With  4-AP  on  the  left:  control  on  the  right. 
Each  stimulus  began  with  a  long  hvperpolarizing  prepulse,  which  presum¬ 
ably  removed  most  of  the  resting  inactivation  of  / 4. 


Figure  i.t j:  (  urrent  clamp  simulation  of  repetitive  firing  in  response  to  tonic, 
small  amplitude  current  stimulus,  with  and  without  IA.  No  Cai+  currents. 
Simulations  with  I  a  are  on  the  left:  without  JA  on  the  right.  Each  stimulus 
begins  with  a  20  ms  -0.5  nA  pulse  (hyperpolarizitiR)  in  order  to  remove  most 
of  the  resting  inactivation  of  I  a-  These  simulations  follow  from  the  records 
shown  in  Figure  7.5. 
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Figure  7.7:  Record  of  IA  during  response  to  0.33  nA  stimulus,  as  shown  in 
previous  figure.  The  pre- threshold  activation  of  1A  serves  to  delay  the  initial 
spike. 
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Figure  7.*:  Current  clamp  data  of  action  potentials  which  demonstrate  the 
role  of  Ja  during  strong  tonic  stimulus.  Left  -  Record  of  successive  spikes 
in  response  to  tonic  stimulus  before  and  after  application  of  4-AP  ([43]). 
Note  the  advance  of  spike  and  slight  lowering  of  threshold  with  application 
of  4-AP.  Right  -  Current  clamp  simulation  of  record  on  left.  Stimulus  is  2 
n  A. 


Figure  7.9:  Steady-state  curves  (j-x  and  )  for  r  4  and  y.4  and  effective 
curves  as  would  be  measured  by  voltage-clamp  experiments. 
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Figure  7.10:  Time  constant  curves  (tx  and  ry)  for  x.4  and  j/4. 

7.5  CVi2+- Mediation  of  A'+  Currents  by  Cr/2+  -  bind¬ 
ing  Gating  Particle  w 

In  order  to  cause  Ic  and  I.\hp  to  be  mediated  by  intracellular  C'u2+.  1 
incorporated  a  C’«i+-binding  gating  particle  in  the  expressions  for  both  of 
these  currents.  Several  workers  have  postulated  mechanisms  for  such  an 
interaction  between  intracellular  Ca 1+  and  different  ion  channels,  ranging 
from  complex  multi-state  kinetic  models  based  on  experimental  data  to  very 
simple  descriptions  for  modelling  studies  ([48]). 

In  light  of  the  paucity  of  quantitative  data  on  such  mechanisms  in  HPC. 
mv  goals  for  the  description  of  a  putative,  generic  C'o^-binding  gating  par¬ 
ticle  were  as  follows: 

•  Relationship  between  Ca2+  concentration  and  particle  activation  al¬ 
lowing  for  non-degenerate  kinetics  considering  the  range  of  C'a2+  con¬ 
centrations  during  various  cell  responses. 

•  Binding  kinetics  based  on  a  simple  but  reasonable  model. 

•  Kinetic  description  that  could  be  easily  modified  to  yield  significantly 
different  behavior,  that  is  a  description  that  could  be  modified  to  suit 
a  wide  range  of  desired  behaviors. 

To  this  end  the  following  description  for  a  Ca2+  -binding  gating  particle, 
te.  was  used.  Each  tr  particle  can  be  in  one  of  two  states,  open  or  closed, 
just  as  the  case  for  the  Hodgkin-Huxley-like  voltage-dependent  activation 
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and  inactivation  gating  particles.  Each  tr  particle  is  assumed  to  have  n 
Ca2+  binding  sites,  all  of  which  must  be  bound  in  order  for  the  particle  to 
be  in  the  open  state.  Binding  is  cooperative  in  a  sense  that  reflects  the  two 
states  available  to  a  given  particle,  i.e.  either  a  particle  has  no  Ca2+  ions 
bound  to  it.  and  therefore  it  is  in  the  closed  slate,  or  all  r?  binding  sites 
are  filled,  and  the  particle  is  in  the  open  state.  The  state  diagram  for  this 
reaction  is  as  follows: 


U'cloatd  d"  tt  Cfl,n  —  Wopfn 

where  the  *  notation  means  that  the  particle  is  bound  to  all  n  (intracel¬ 
lular)  Ca2+  ions,  a  and  3  are  the  forward  and  backward  rate  constants, 
respectively. 

This  scheme  results  in  the  following  differential  equation  for  tr.  where 
now  tr  is  the  fraction  of  particles  in  the  open  state,  assuming  that  the 
concentration  of  (T'o2+  is  large  enough  that  the  reaction  does  not  significantly 
change  the  store  of  intracellular  Ca2+: 

The  steady  state  value  for  tr  (  the  fraction  of  particles  in  the  open  state) 
as  a  function  of  the  intracellular  C'a2+  concentration  is  then: 

.  _ 

The  time  constant  for  the  differential  equation  is: 

T„  =  (o[C'o2+]?r,  +  3)_1 

The  order  of  the  binding  reaction. t>.  that  is  the  number  of  Ca2+  binding 
siles  per  w  particle,  determines  the  steepness  of  the  previous  two  expressions, 
as  a  function  of  [CVi2+],r,.  Given  the  constraints  on  the  range  for  [Ca2+],fcf/u 
and  (Co2+]#*e//.2  during  single  and  repetitive  firing,  n  was  set  to  three  for 
both  the  Ic  tv  particle  and  the  Iahp  u'  particle.  On  the  other  hand,  as  shall 
be  presented  shortly,  the  range  of  C'«2+  concentrations  for  which  the  Iahp 
tv  particle  is  activated  is  set  to  about  one  order  of  magnitude  lower  than 
that  for  the  Jc  «'  particle,  since  lc  was  exposed  to  the  larger  [Co2+],fce//.i  . 
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7.6  C-Current  Potassium  Current  -  Ic 


Ic  is  a  Ca2+  -dependent  A'+  current  that  plays  a  large  role  during  an  single, 
isolated  action  potential.  It  has  been  proposed  that  this  current,  which 
is  apparently  inhibited  when  Co2+  blockers  are  added,  is  the  underlying 
current  of  the  fast-aft erhyperpolarization  (fAHP)  which  is  observed  in  single 
spikes  and  (sometimes)  to  a  lesser  degree  after  spikes  of  repetitive  trains. 
Studies  of  bullfrog  sympathetic  ganglion  neurons  suggest  that  lc  is  a  major 
repolarizing  current  during  the  spike  in  these  cells  (Adams  et  al). 

Limited  voltage  clamp  data  was  available  for  this  current  (Segal  and 
Barker,  Madison  et  al).  and  in  many  of  the  reports  measurements  of  a  re¬ 
puted  Ic  was  likely  corrupted  by  Iahp-  since  both  are  identified  by.  among 
other  methods,  sensitivity  to  Ca2+  blockers. 

On  the  other  hand,  [47]  has  demonstrated  well  the  role  of  Ic  during  the 
fast  repolarization  of  the  action  potential,  distinct  from  the  much  slower 
role  of  Iahp  as  a  hyperpolarizing  current.  In  addition,  lc  is  selectively 
blocked  with  TEA  at  concentrations  much  lower  than  that  required  to  block 
Ior ■  Storm  has  tentivelv  isolated  the  role  of  Ic  in  current  clamp  protocols, 
and  this  data  was  the  primary  standard  I  used  in  the  estimation  of  the  lc 
parameters. 

In  my  simulations  of  the  role  of  Ic  the  challenge  can  be  summarized  as 
follows: 

•  Formulate  the  kinetics  of  lc  so  that  the  fAHP  is  reproduced 

•  Devise  a  Ca2+  and  voltage  dependence  for  Ic  such  that  lc  is  activated 
significantly  only  during  spike  repolarization. 

•  Adjust  Ior  parameters  so  that  activation  of  lc  does  not  inhibit  acti¬ 
vation  of  Idr-  otherwise  the  presumably  fast  inactivation  of  Ic  would 
allow  the  residual  inward  currents  to  immediately  depolarize  the  cell 
following  the  fAHP.  Also  the  mAHP,  which  is  mediated  by  Ior -  is  in¬ 
sensitive  to  Co2+  -blockers,  further  indicating  that  activation  of  Ior 
is  not  affected  by  the  faster  spike  repolarization  mediated  by  Ic- 

Although  the  estimation  of  every  current  necessitated  the  re-evaluation 
of  every  other  current  to  a  greater  or  lesser  degree,  not  only  was  the  esti¬ 
mation  of  Ic  dependent  on  the  characteristics  of  Idr  and  vica  versa,  but 
also  the  dependence  of  Ic  on  C«2+  meant  that  estimation  of  the  Ica  and 
[Cfl2+]*/i<//.i -system  parameters  took  into  account  the  behavior  of  Ic- 
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The  first  step  in  analyzing  Ic  was  estimating  with  simulations  the  cur¬ 
rent  that  is  necessary  to  generate  the  observed  fAHP.  The  results  of  these 
simulations  indicating  that  Ic  had  to  have  two  salient  characteristics  -  very 
fast  activation/inactivation  and  large  maximum  conductance  (on  par  with 
Idr)-  In  fact-  the  time  course  of  the  fAHP-producing  current  was  a  sharp 
and  large  spike  reminiscent  of  the  .Y«+  currents  that  initiated  the  action 
potential. 

The  characteristics  that  I  have  derived  for  Ic  are  different  from  those 
proposed  in  the  literature,  in  particular  the  kinetics  described  here  are  some¬ 
what  faster  than  those  reported  elsewhere.  However,  as  mentioned  earlier, 
the  interpretations  of  the  voltage  clamp  data  for  Ic  is  possibly  complicated 
by  the  activation  of  Iahp •  which  is  also  Ca 2+  -dependent.  In  fact,  the  sim¬ 
ulations  described  here  indicate  that  if  Ic  is  the  currenl  responsible  for 
the  fAHP.  then  Ic  must  have  the  fast  activation/inactivation/deactivation 
kinetics  proposed  here. 

7.6.1  Results 

The  C’«2+-dependence  of  Ic  was  constructed  so  that  after  only  a  small  delay 
the  influx  of  Oo2+  into  *he11.1  would  activate  /(•.  The  conductance  of  the 
Ic  channel  was  therefore  mediated  in  part  by  a  single  «•  particle,  implying 
that  each  /<  channel  has  three  independent  Co2+-binding  sites  on  a  single 
gating  particle,  each  of  which,  in  turn,  must  be  bound  to  Ca2+  in  order  for 
the  channel  to  conduct. 

The  very  fast  turn  off  of  7<  necessary  to  obtain  a  significant  ADP  after 
the  fAHP  was  accomplished  by  incorporating  four  x  particles,  by  making 
the  steady  state  curve  for  activation  steep  and  centered  only  a  few  millivolts 
above  the  resting  potential,  and  by  making  the  time  constant  for  x  very 
fast,  especially  when  the  3^  curve  goes  to  zero.  As  the  spike  is  repolarized 
past  about  -60  millivolts  the  x  particles  quickly  relax  to  their  closed  state, 
shutting  off  Ic  leaving  a  minimal  tail  that,  if  larger,  could  otherwise  wipe 
out  the  ADP. 

A  voltage-dependent  inactivation  particle,  y.  was  included  6ince  the 
available  voltage  clamp  data  indicate  that  Ic  is  a  transient  current  at  depo¬ 
larized  potentials,  with  a  time  constant  on  the  order  of  greater  than  several 
milliseconds.  Simulations  indicate,  however,  that  during  normal  activity 
removal  of  Ic  is  accomplished  by  de-activation  of  either  the  x  or  the  w 
particles. 

In  summary,  the  turning  on  of  Ic  is  mediated  b\  ‘lux  of  C’a2+:  removal 
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IlnA 


are  added.  Bottom  -  Simulation  of  protocol. 

of  Ic  is  mediated  by  the  repolarization  of  the  spike.  During  the  spike,  the  i 
particles  turn  on  first  with  the  depolarization  of  the  beginning  of  the  spike. 
As  the  Ic,  channels  open  (slower  than  the  I\^tnj  and  ISa.rtp  channels), 
the  subsequent  influx  of  C’c2+  into  *htll.l  raises  to  turn  on  the 

w.  turning  on  Ic.  As  the  cell  repolarizes,  the  four  x  particles  close  quickly, 
shutting  off  Ic  abruptly  enough  to  allow  the  observed  ADP.  Soon  after  the 
spike  (within  30  ms)  drops  as  Cai+  flows  into  shfll.2  and  the 

core,  thereby  shutting  off  w  so  that  activation  of  x  on  the  upstroke  of  a 
subsequent  spike  does  not  turn  on  Ic  too  soon  (see  Figure  9.27). 

Figure  7.11  iihsrates  the  contribution  of  the  fully  activated  Ic  to  the 
repolarization  of  the  action  potential  and  how  the  fAHP  is  eliminated  when 
I(  is  blocked.  In  the  next  section  an  expanded  view  of  this  simulation  will 
be  presented. 
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Figure  7.12:  Left  -  Expanded  view  of  the  action  potential  with  and  without 
Ca2+  blockers  ( Storm ).  showing  spike  broadening  with  C'a3+  blockers.  Right 
-  Simulation  of  protocol. 


Gating  Variable 

n 

a 

1WHM 

t0  (ms) 

aCa 

MUM 

x  (activation) 

mm 

0.2 

0.007 

-65.0 

0.25 

- 

- 

y  (inactivation ) 

-20 

0.2 

0.003 

-60.0 

15 

- 

v  (Ga2+-activation ) 

III 

- 

- 

- 

- 

1000 

0.125 

Table  7.4:  Parameters  of  h  Gating  \'ariables.  *  =  (mS~lm\I  3).  **  = 
(m5-1 ) 


The  equation  for  Ic  is  - 

Ic  =  9  c xcVc  wc(V  -  Ek) 

where 


9c  =  0.4  pS 

Table  7.4  lists  the  parameters  for  the  Ic  gating  variables.  These  are  the 
rate  functions  for  the  activation  variable,  x.  of  Ic  - 


arC  =  0.007  exp 


‘p( 


(T  +  6510.2- ?5  F 


") 

3  /  ( -65  -  V  )0.x  •  25  •  F  \ 

ir.c  =  0.00  <  exp  ^ - — - J 


These  are  the  rate  functions  for  the  activation  variable,  y.  of  Ic 


ny.C 

•v- 


_  f[V  +  60)0.2-  20  -F\ 
=  0.005  exp  ^ - — - j 

A -60  -  1  )0.«  -  20  F\ 
=  0.003  exp  ^ - — - J 


Figure  7.13  anti  Figure  7.14  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  xc  and  yc  variables. 

As  mentioned  above,  each  ir  particle  was  assumed  to  have  three  non¬ 
competitive  C'o2+  binding  sites,  all  of  which  were  either  empty  (correspond¬ 
ing  to  the  closed  state)  or  filled  (corresponding  to  the  open  state).  Fig¬ 
ure  7.15  shows  the  dependence  of  the  steady-state  value  of  the  wc  variable 
on  [Gn24],/,,//.  Figure  7.16  shows  the  dependence  of  the  time  constant  for 
the  v’c  variable  on  [Ca2^],f,tii- 
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Figure  7.15:  Relation  between  u  x  and  [rVr2+ for  u'c 


Figure  7.16:  Relation  between  ru.  and  [C  '<i2+]»htit  for  u’c- 

7.7  AHP  Potassium  Current  -  Iahp 

Iahp  is  a  slow.  C«2+-mediated  A'+  current  that  underlies  the  long  after- 
hyperpolarization  (AHP).  Typically  the  AHP  is  about  1  to  2  millivolts  and 
lasts  from  O.o  -  3  seconds  after  a  single  spike.  Adding  Ca2+  blockers  or 
noradrenaline  to  the  extracellular  medium  eliminates  the  AHP.  and  likewise 
markedly  reduces  the  cell's  accommodation  to  tonic  stimulus. 

Since  most  of  the  data  on  the  proposed  Iahp  is  derived  from  various 
current  clamp  protocols,  the  model  description  of  this  current  is  based  on 
that  used  in  other  models  (Koch  and  Adams.  19*6)  and  from  heuristics 
derived  from  the  properties  of  other  currents,  in  particular  lca  and  Idr- 
The  important  relationship  between  the  Iahp  and  Idp  parameters  arose 
when  I  attempted  to  simulate  both  the  mAHP  (mediated  by  Idr)  and  the 
AHP  according  to  data  from  Storm  ( ).  In  addition,  since  Iahp  is  dependent 
on  Ca2+  entry,  the  derivation  of  this  current  and  the  dynamics  of  [(',a],t1e//.t 
and  [Co],/,,.//.!  was  done  simultaneously.  In  fact,  it  was  determined  that  in 
order  for  the  activation  of  Iahp  ,q  be  delayed  from  the  onset  of  the  spike, 
it  was  necessary  to  introduce  the  second  intracellular  space  (shell)  that  was 
described  in  Chapter  6.  Such  a  relationship  between  C«2+  influx  and  the 
subsequent  delaved  activation  of  I\HP  has  been  suggested  in  the  literature 
([30]). 

7.7.1  Results 

I  propose  that  the  conductance  underlying  Iahp  is  dependent  both  on  Ca2+ 
and  voltage.  The  Ca2+  dependence  of  this  current  is  clearly  demonstrated 


since  the  AHP  is  removed  when  Co2+  blockers  are  added,  and  construction 
of  a  reasonable  model  of  Ca2+  dynamics  such  that  Iahp  may  be  dependent 
on  this  is  possible. 

The  mechanism  that  1  use  for  Co2't‘-mediation  of  Iahp  is  similar  to  that 
for  Ic.  that  is  the  Iahp  channel  includes  a  single  Co2+-binding  u-  particle, 
with  the  same  binding  reaction  as  shown  in  Equation  x. 

Voltage-clamp  studies  ([30])  indicate  that  there  is  no  voltage-dependent 
activation  of  Iahp*  however.  This  puts  a  greater  constraint  on  the  Ca2+- 
mediated  mechanism  for  this  current  since  the  activation  necessary  to  un- 
derly  the  long,  small  hyperpolarization  after  a  single  spike  is  significantly  less 
than  that  required  to  squelch  rapid  spikes  after  some  delay  in  response  to 
tonic  stimulus.  In  particular,  these  requirements  provided  rather  restricted 
constraints  on  the  buildup  of  Ca2+  during  each  spike  in  region  of  the  Iahp 
channels,  shell. 2,  and  likewise  the  dependence  of  the  Iahp  tr  particle  on 
this  localized  concentration  of  Ca2+  . 

On  the  other  hand  I  have  included  two  inactivation  gating  particles,  y 
and  z.  The  rationale  for  the  y  particle  is  based  on  two  pieces  of  evidence. 
First,  it  has  been  reported  that  Ca2+  spikes  are  insensitive  to  noradrenaline 
in  protocols  where  Iqr  and  I  a  have  been  blocked  by  TEA  and  4-AP.  re¬ 
spectively  (Segal  and  Barker).  The  fact  that  these  spikes  are  unchanged 
with  the  addition  of  noradrenaline  implies  that  under  this  protocol  Iahp  is 
inactivated  by  some  other  mechanism,  since  presumably  Iahp  has  not  been 
disabled.  Since  the  protocol  involves  a  long  (approximately  30  milliseconds) 
depolarization  of  the  cell  before  the  Ca2+  spike,  it  was  possible  to  include 
an  inactivation  particle  for  Iahp  that  was  (a)  fast  enough  to  disable  Iahp 
under  these  conditions,  but  (b)  was  slow  enough  so  that  normal  spiking  did 
not  cause  the  y  particle  to  change  states. 

A  second  indication  for  the  voltage-dependent  inactivation  particle  y  is 
consistent  with  the  previous  evidence,  that  is  the  amplitude  and  rate  of  rise 
of  action  potentials  singly  or  in  trains  appears  independent  of  the  presence 
Iahp •  In  particular,  the  size  of  the  Iahp  conductance  necessary  to  repress 
repetitive  firing  is  large  enough  to  significantly  effect  the  spike  once  threshold 
is  achieved  if  this  conductance  remained  during  the  6pike.  Such  a  role  for 
Iahp  has  not  been  demonstrated,  y  therefore  causes  Iahp  to  shut  off  during 
an  action  potential  so  that  this  current  does  not  reduce  the  amplitude  of 
the  spike. 

The  second  inactivation  particle,  z,  was  included  to  account  for  the  de¬ 
layed  peak  seen  in  the  large  afterhyperpolarization  that  occurs  after  a  long 
(greater  than  100  ms)  stimulus  (Madison  and  Nicoil,  1982  and  others).  At 
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rest,  r  is  partially  closed.  With  a  large,  lengthy  hyperpolarization  the  2  par¬ 
ticle  becomes  more  open,  thereby  slowly  increasing  Jahp  and  the  magnitude 
of  the  sAHP.  until  the  Co2+  in  shell.2  eventually  drains  down  to  its  resting 
level  and  subsequently  shutting  off  tv.  The  time  constant  for  2  was  set  very 
slow  above  rest  so  that  it  did  not  change  appreciably  during  firing.  Below 
about  -75  mV.  however,  the  time  constant  approaches  120  milliseconds  so 
that  the  desired  role  of  c  during  the  sAHP  is  obtained. 

No  voltage-dependence  for  Jahp  has  been  noted  in  the  literature.  How¬ 
ever,  the  dependence  of  Iahp  on  Ca2+  influx  may  have  precluded  voltage- 
clamp  experiments  which  might  verify  the  voltage-dependencies  indicated 
by  the  simulations. 

With  the  present  formulation  for  Jahp •  this  current  plays  an  important 
role  during  repetitive  firing  by  shutting  off  the  spike  train  after  several  hun¬ 
dred  milliseconds.  This  occurs  primarily  through  the  dependence  of  Jahp 
on  [Ca}Bh(ii.2.  which  slowly  increases  during  repetitive  firing.  Eventually 
the  rise  of  [Ca]Bhtii.2  causes  Iahp  to  provide  sufficient  outward  rectification 
for  counter-acting  the  stimulus  current  and  thus  stop  the  cell  from  firing 
(Figure  7.19).  The  fact  that  Iahp  is  strongly  activated  by  this  protocol  is 
indicated  by  the  long  hyperpolarization  at  the  end  of  the  stimulus  (Madison 
and  N’icoll.  1982.  and  see  simulation  of  their  results  in  Figure  7.19).  .Madi¬ 
son  and  N'icoll.  1982  [32]  report  that  noradrenaline  blocks  accommodation 
by  selectively  blocking  J\HP- 

The  characteristics  demonstrated  by  the  model  Jahp  are  in  qualita¬ 
tive  agreement  with  many  of  the  characteristics  reporied  in  the  literature 
(e.g.  [30]  .  [41])..  including  the  increased  activation  of  Jahp  with  increasing 
numbers  of  spikes  in  a  single  train,  delayed  activation  from  onset  of  Ca2+ 
influx,  the  role  of  Jahp  in  modulating  repetitive  firing,  time  constant  for 
inactivation/deactivation  of  greater  than  one  second,  the  apparent  voltage 
insensitivity  (the  transition  of  y  and  r  with  sub-threshold  depolarization  is 
slow,  and  once  x  is  activated  deactivation  takes  several  seconds. 

The  action  of  Iahp  resulting  in  the  sAHP  is  illustrated  in  Figure  7.17. 
Expanded  view  of  this  figure  (same  simulation  as  Figure  7.11)  is  shown  in 
Figure  7.18. 

The  equation  for  Jahp  is  * 

Jahp  =  Vahp  :ahp  u\,ap0’  -  Eh) 

where 
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Figure  7.17:  Top  -  Repolarization  of  the  action  potential  with  and  without 
C'a2+  blockers  (Storm).  Note  absence  of  sAHP  when  C'oJ+  blockers  are 
added.  Bottom  -  Simulation  of  protocol. 
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Figure  7. IX:  A.  Simulation  of  Figure  7.11  showing  entire  action  potential, 
with  and  without  Ca2*  blockers.  B.  /<  .  Idr  and  /.*  when  CV4  blockers 
absent.  C.  Idr  and  l\  when  Co2*  blockers  present.  D.  I\np  and  Idr 
with  and  without  Cti2*  blocker*.  I(  and  Idr  are  the  principle  repolarizing 
currents  when  there  are  no  ('a2*  blockers,  and  Ipn  increases  when  If  is 
disabled.  Also  the  fast  time  course  of  I(  allows  it  to  produce  the  sharp 
fAHP. 


Figure  ■  .19:  Influence  of  Iahp  on  accommodation.  Top  -  Repetitive  firing  in 
response  to  tonic  depolarizing  stimulus  with  and  without  noradrenaline  [32]. 
Middle  -  Simulation  of  above  responses.  Bottom  -  Iahp  during  simulations. 
When  IAHP  is  enabled  there  is  a  gradual  rise  in  this  conductance  with  each 
spike  until  subsequent  spikes  are  blocked. 


Gating  Variable 

|| 

i 

Qo 

t0  (ms) 

QCo 

y  (inactivation) 

-15 

0.8 

0.015 

-50.0 

2.5 

- 

- 

r  (inactivation) 

-12 

0 

0.0002 

-72.0 

120.0 

- 

- 

i  is 

IBi! 

- 

- 

- 

- 

mum 

0.005 

Table  7.5:  Parameters  of  Iahp  Gating  Variables.  *  =  ( 3),  **  = 
(niS-1 ) 


Hahp  ~  0.35 //S 

Table  7.5  lists  the  parameters  for  the  gating  variables.  These  are 
the  rate  functions  for  the  activation  variable,  x.  of  Jahp- 


toy.AHP 


/O' +  50)0.8- -15 -F\ 

=  0015raK - St - ) 

(-so- no.2  -15  r 


ly.AHP  =  0.015exp 
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RT 
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These  ar**  the  rate  functions  for  the  activation  variable,  y.  of  Iahp- 


« :.AHP  =  Oh  =0) 

/(-72  -  V)  •  —12  •  F\ 

U.ahp  =  0.0002  exp  ^ ^ - J 

Figure  7.20  and  Figure  7.21  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  iahp  and  yAHP  variables. 

Again,  each  w  particle  was  assumed  to  have  three  non-competitive  Ca2+ 
binding  sites,  all  of  which  were  either  empty  (corresponding  to  the  closed 
state)  or  filled  (corresponding  to  the  open  state).  Figure  7.22  shows  the 
dependence  of  the  steady-state  value  of  the  t vahp  variable  on  [Ca2+),j,t/j.2- 
Figure  7.23  shows  the  dependence  of  the  time  constant  for  the  u>ahp  variable 
on  [Co2+],ht».2. 


7.8  M-Current  Potassium  Current  -  Im 

1st  is  a  small  persistent  I\  +  current  that  is  activated  near  rest  and  that  is 
selectively  inhibited  by  muscarinic  agonists  ([16]).  This  current  has  been 
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Figure  7.20:  Steady-state  curves  ( x y^)  for  iahp  and  Vahp  and  effective  • 
curves  as  would  be  measured  by  voltage-clamp  experiments. 


Figure  7.21:  Time  constant  curve  (r,..  ry)  for  x.ahp  and  y.^HP- 


Figure  7.22:  Relation  between  u  x  and  [C'o2+]#/,t//. 2  for  wahp- 
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Figure  7.23:  Relation  between  ru.  and  [Ca2+],>,c//. 2  for  u\\hp- 

reported  to  contribute  to  cell  excitability  and  to  the  mediation  of  repetitive 
firing  in  different  species  [1]. 

There  is  evidence  for  massive  cholinergic  projection  from  the  medial 
septum  to  the  hippocampus  ([16].  Kuhar.  in  [24].  [25])  so  the  mediation  of 
HPC  behavior  bv  cholinergic  agonists  via  specific  currents  is  potentially  a 
very  important  mechanism  for  modulation  of  either  single  HPCs  or  local 
populations  of  HPCs. 

7.8.1  Results 

For  the  model  the  steady  state  parameters  of  the  activation  variable  of  /\/. 
x.  were  inferred  from  [16].  Data  on  the  temporal  properties  of  this  current 
is  sparse.  The  time  constant  for  activation  for  /.\/  has  been  estimated  at 
being  between  50  and  300  milliseconds  within  20  millivolts  of  rest.  The  Q jo 
for  I\i  has  been  estimated  at  5  ([16]).  This  means  that  the  /\/  is  much 
faster  at  physiological  temperature  than  would  be  indicated  by  the  reported 
data,  which  was  measured  at  23°C'.  Since  the  activation  is  slow  and  no  clear 
recordings  of  the  time  course  of  activation  are  available.  I  included  a  single 
activation  particle,  x.  in  the  formula  for  the  /\;  conductance. 

As  mentioned  in  Chapter  3.  originally  f  assumed  that  at  the  resting 
potential  the  only  conductances  that  were  open  were  linear,  and  therefore 
£/eai-  was  set  equal  to  Er(li  (=  -70mV).  However,  the  data  suggests  that 
at  rest  a  small  amount  of  I\i  is  activated.  In  the  model,  then,  inclusion  of 
J\l  shifted  Erttt  slightly  from  -70.0  mV  to  -72.3  mV. 

Current  damp  simulations  suggest  that  />/  has  two  roles:  1)  changing 


Gating  Variable 

IB 

a 

ao 

QQH 

to  (ms) 

x  (activation) 

K3 

0.5 

0.0015 

-45.0 

10 

Table  7.6:  Parameters  of  hi  Gating  Variable 


the  current  stimulus  threshold  for  Iso-trig  mediated  spikes,  and  2)  modu¬ 
lating  repetitive  firing  in  response  to  tonic  stimulus.  The  first  characteristic 
comes  about  since  hi  is  partially  activated  at  the  resting  potential,  and 
therefore  decreases  the  input  impedance  of  the  cell.  Figure  7.24  illustrates 
that  blocking  Im  increases  the  firing  frequency  of  the  cell  in  response  to  tonic 
stimulus.  However,  this  increase  is  much  less  than  that  usually  reported  for 
cholenergic  modification  of  HPC  firing.  This  result  implies  that  the  ma¬ 
jor  effector  of  the  cholinergic  response  is  Iahp <  as  has  been  demonstrated 
earlier. 

The  equation  for  1m  is  - 


hi  =  9  m  *A/0' -Ek) 

Table  7.6  lists  the  parameters  for  the  Im  gating  variable. 
These  are  the  rate  functions  for  hr 


/(V  +  45)0.5-  5-  F\ 
Or.M  =  O.OOloexpf - — - J 

,  /(— 45  —  l')0.5  •  5  •  F\ 

■ij.M  =  O.OOloexpf - — - J 


RT 

Figure  7.25  and  Figure  7.26  show  the  voltage  dependence  on  the  steady- 
state  values  and  the  time  constants  for  the  j.\/  and  y.\f  variables. 


7.9  Q-Current  Potassium  Current  -  Iq 

Iq  is  a  small  current  that  is  activated  when  the  cell  is  hyperpolarized  with 
respect  to  resting  potential.  The  reversal  potential  for  the  Iq  has  been 
estimated  at  approximately  -80  millivolts.  Since  Ek  is  about  -90  millivolts, 
this  current  might  be  due  to  a  mixed  conductance. 

At  the  present  time  the  functional  characteristics  of  Iq  have  ""t  been 
investigated. 
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Figure  7.24:  Influence  of  of  removal  of  7\/  on  accommodation.  Iahp  blocked 
to  allow  immediate  repetitive  firing.  Stimulus  1.0  nA  for  300  milliseconds. 
Top  -  1m  enabled.  Bottom  -  / \/  disabled.  Disabling  I\t  increases  the  firing 
rate  by  about  7  in  this  protocol. 
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Figure  7.25:  Steady-state  curve  (j^)  for 


Figure  7.26:  Time  constant  curve  (rx)  for  r\/. 
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Gating  Variable 

ID 

1 

^0 

PWtWl 

r0(ms) 

x  (activation) 

[H 

0.98 

0.0003 

-45.0 

Table  7.7:  Parameters  of  Iq  Gating  Variable 

l 


Figure  7.27:  Steady-state  curve  (x.*,)  for  xq. 

7.9.1  Results 

The  current  description  for  Iq  is  based  solely  on  the  data  from  [16]. 
The  equation  for  Iq  is  - 

Iq  =  9q  i  q  ( 1  -  f/v  ) 

where 


gQ  =  0.002 //S 


Table  7.7  lists  the  parameters  for  the  Iq  gating  variable. 

These  are  the  rate  functions  for  the  activation  variable,  x.  of  Iq- 


otq  =  0.0003  exp  | 
■)r.Q  =  0.0003  exp  ^ 
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Figure  7.27  and  Figure  7.28  show  the  voltage  dependence  on  the  steady 
state  values  and  the  time  constants  for  the  xq  and  variables. 
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Figure  7.2^:  Time  coiistauf  curve  ( rT )  for  xq. 
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Chapter  8 

VOLTAGE  CLAMP 
SIMULATIONS 


8.1  Introduction 

Simulating  voltage  clamp  dala  was  an  important  verification  of  the  param¬ 
eters  derived  for  both  currents  and  the  linear  structure  of  the  model.  In 
particular,  these  simulations  estimated  how  much  the  current  flow  due  to 
the  undamped  dendrites  contributed  to  errors  in  parameters  derived  with 
voltage  clamp  protocols. 

8.2  Non-Ideal  Space  Clamp 

The  non-zero  R,  means  that  a  voltage  clamp  applied  at  the  soma  will  not 
clamp  ihe  dendrites  ideally.  This  distortion  of  the  clamp  signal  is  shown 
in  Figure  8.1.  where  the  soma  has  been  clamped  to  -50  mV  front  a  resting 
potential  of  -70  mV  for  50  milliseconds.  The  distortion  of  the  clamp  voltage 
has  two  components.  First,  the  rise  time  of  the  clamp  signal  gets  progres¬ 
sively  longer  further  down  the  dendrite.  Second,  the  final  voltage  reached  is 
lower  the  further  down  the  dendrite. 

If  we  assume  that  the  non-linear  conductances  are  perfectly  segregated 
in  the  soma,  with  the  dendrite  being  linear,  then  this  situation  is  not  in¬ 
tractable.  In  this  case  the  protocol  will  perform  the  correct  voltage  clamp 
on  the  non-linear  conductances,  and  the  current  that  passes  through  them 
will  be  a  function  of  only  the  time,  the  holding  potential,  and  the  clamp 
potential.  There  will  be  a  component  of  the  clamp  current  due  to  the  non- 
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Figure  8.1:  Voltage  clamp  simulation  with  clamp  applied  to  the  soma.  The 
voltage  step  seen  bv  the  differeni  partsofthe  dendrite  membrane  is  distorted. 


ideal  clamping  of  the  dendrite,  but  this  current  may  be  compensated  for  by 
estimating  the  linear  properties  of  the  dendrite. 

On  the  other  hand,  no  clear  cut  distribution  of  non-linear  conductances 
is  more  likely:  there  may  be  significant  non-linear  membrane  in  dendrite 
that  is  at  a  significant  electrotonic  distance  from  the  soma.  Referring  to 
Figure  8.1,  if  there  is  an,  non-linear  conductance  in  the  proximal  dendrite 
(in  this  simulation  this  refers  to  the  proximal  240  nm  of  dendrite),  then 
the  steady  state  voltage  caused  by  the  clamp  is  not  very  different  than  the 
soma  voltage  ( -50.5  mV  and  -50.0  mV.  respectively).  However,  during  the 
initial  10  milliseconds  of  the  clamp  the  voltage  in  the  proximal  dendrite  is 
significantly  different,  and  therefore  any  non-linear  membrane  in  this  region 
will  be  poorly  clamped.  This  will  be  a  problem  if  the  conductances  are 
fast  in  this  region,  e.g.  activation  or  inactivation  on  the  order  of  several 
milliseconds.  Although  the  results  of  the  analysis  presented  in  Chapter 
3  indicates  that  the  dendrite  are  electrically  compact,  the  high  value  for 
B,  that  has  been  proposed  causes  the  dendrite  voltage  to  lag  significantly 
behind  the  soma  voltage. 
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8.3  Contamination  of  .Yo+  Parameters  Derived 
by  Voltage  Clamp 

The  problem  of  undamped  dendrites  is  most  severe  for  the  faster  currents. 
This  can  be  demonstrated  by  examining  the  putative  A'o+  currents  with 
voltage  clamp  simulations. 

The  simulated  voltage  damp  protocol  in  which  all  currents  except  for 
A‘a+  currents  have  been  blocked  is  shown  in  Figure  8.2. 

Ideally,  the  soma-dendrite  current  may  be  measured  in  isolation  by  run¬ 
ning  the  voltage  clamp  on  a  cell  where  all  the  non-linear  currents  have  been 
blocked.  This  current  may  then  be  subtracted  from  the  clamp  current  when 
the  all  none-A  o+  components  are  blocked  or  disabled  in  order  to  estimate 
the  A’o+  currents. 

Figure  8.3  illustrates  the  various  components  of  the  response  of  a  -70  to 
0  mV  voltage  damp  of  just  the  A'fl+  currents.  The  soma-dendrite  current 
contributes  substantially  to  the  damp  current.  If  this  current  is  not  taken 
into  account  then  the  estimated  A’«+  component  will  be  significantly  smaller 
and  faster  than  the  actual  A  a+  component. 
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Figure  8.2:  Voltage  clamp  simulations  in  which  all  currents  have  been 
blocked  except  for  the  .Y«+  currents. 


Figure  8.3:  Voltage  clamp  simulation  under  same  conditions  of  Figure  8.2  il¬ 
lustrating  different  components  of  the  clamp  current.  A  considerable  portion 
of  the  clamp  current  is  due  to  delayed  charging  of  the  dendrite's  distributed 
capacitance.  Clamp  step  is  front  -70  mV  to  0  mV  for  50  milliseconds. 
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Chapter  9 

CURRENT  CLAMP 
SIMULATIONS 


9.1  Introduction 

This  chapter  presents  some  illustrative  simulations  of  current  clamp  proto¬ 
cols  that  demonstrate  the  overall  behavior  of  the  model.  The  behavior  of  the 
model  under  various  protocols  is  examined,  assuming  that  the  current  de¬ 
scriptions  based  on  simulation  of  actual  data,  as  demonstrated  in  Chapters 
5.  6.  and  7.  sets  a  realistic  stage  for  more  speculative  simulations. 

Finally,  a  typical  simulation  will  be  presented  along  with  the  records  of 
the  major  currents  and  the  time  course  of  their  gating  variables  in  order  to 
demonstrate  the  full  output  of  HIPPO. 


9.2  Regulation  of  Repetitive  Firing  -  Effect  of 
Blockade  of  Specific  Currents 

Consider  Figure  9.1.  In  this  simulation  the  response  to  long  tonic  stimuli  of 
different  strengths  is  demonstrate  with  aJl  the  HIPPO  currents  present.  For 
most  of  the  stimuli  the  cell  responds  with  an  initial  burst  of  action  potentials 
followed  by  a  slow  train  of  spikes. 

As  we  have  seen  in  the  previous  chapters  the  major  mechanisms  me¬ 
diating  theses  responses  is  the  buildup  of  intracellular  Ca2+  ,  the  subse¬ 
quent  activation  of  Iahp  and  the  high,  broad  threshold  of  /;\a_r,p.  The 
burst  phase  is  mediated  by  I^a-ing.  but  once  Iahp  becomes  large  enough. 
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another  J/va-tr«a-mediated  spike  is  delayed  by  the  outward  rectification  of 
Iahp- 

Investigating  what  happens  under  the  same  stimulus  protocols  when 
specific  currents  are  blocked  illustrates  some  of  the  predictions  of  the  model. 
First,  note  Figures  9.2.  9.3,  and  9.4,  which  show  spike  trains  in  which  I  a, 
hi.  and  I x a— tail  have  been  blocked,  respectively.  The  model  results  suggest 
that  although  I  a  can  have  a  significant  role  in  delaying  the  onset  of  firing 
and  in  modulating  the  width  of  the  spike  (ref.  Chapter  7),  this  current  does 
not  alter  repetitive  firing  once  it  has  been  initiated.  1m  and  Ixa-taih  on  the 
other  hand,  appear  to  have  little  functional  role  under  any  of  the  protocols 
presented.  If  these  currents  (Im  and  Ixa-tail)  are  assumed  to  be  in  the  HPC 
for  a  reason,  then  this  result  suggests  that  either  the  model  description  for 
them  is  incomplete  or  that  their  site  of  action  is  primarily  non-somatic  (see 
Section  10.2.4). 

In  Figures  9.5.  9.6.  and  9.7.  the  response  of  the  cell  to  tonic  stimulus  is 
shown  where  the  Ca2+  currents,  Ic-  and  Iahp  have  been  blocked,  respec¬ 
tively.  Here  some  marked  departures  from  the  response  of  Figure  9.1  can  be 
seen,  in  particular  the  change  in  accommodation.  When  all  C'a2+  activity  is 
blocked,  as  in  Figure  9.5,  the  frequency  of  repetitive  firing  is  constant,  that 
is  the  cell  Teaches  a  steady-state  condition  immediately  with  the  first  action 
potential. 

Figures  9.6  and  9.7  show  how  Ic  and  Iahp  &°f/f  contribute  to  the  ac¬ 
commodation  response.  When  Ic  is  blocked  the  initial  accommodation  is 
quite  similar  to  the  normal  response.  However  (especially  for  the  stronger 
stimuli),  later  in  the  spike  train  the  frequency  of  firing  begins  to  increase 
slightly,  as  if  Iahp  was  partially  wearing  out  in  its  role  as  headmaster.  When 
Iahp  is  selectively  blocked,  on  the  other  hand,  accommodation  is  immedi¬ 
ately  compromised  and  the  burst  phase  lasts  for  many  spikes.  Eventually 
a  reduced  accommodation  starts,  though,  slowly  putting  on  the  brakes  to 
prevent  excessive  spiking. 

This  accommodation  is  due  to  Ic,  as  can  be  seen  in  Figure  9.8.  In  this 
figure  the  response  to  a  2.2  nA  tonic  stimulus  as  was  shown  in  the  previous 
figure  is  reproduced  along  with  the  time  course  of  the  intracellular  Co2+ 
concentrations  and  Ic-  Here  it  can  be  seen  that  at  the  beginning  of  the 
train  Ic  fulfills  its  normal  role  as  a  transient  repolarizing  agent,  active  only 
during  the  spike.  When  the  subsequent  spikes  come  too  fast,  however,  the 
concentration  of  Co2+  in  shell. 2  has  a  chance  to  build  up,  thereby  raising  the 
basal  level  of  [Co2+],Ae//.i  between  spikes.  This  rise  is  enough  to  activate  Ic 
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Figure  9.1:  Simulation!,  of  response  to  tonic  somatic  input.  Stimulus 
strengths  include  0.0  nA.  0*  nA.  1.0  nA.  1.2  nA.  1.4  nA.  1.6  nA.  1.8  nA. 
2.0  nA.  and  2.2  nA. 


Figure  9.2:  Simulations  of  response  to  tonic  somatic  input  with  I  a  disabled. 
Stimulus  strengths  include  0.6  11A.  0.x  nA.  1.0  nA.  1.2  nA.  1.4  nA.  1.6  nA. 
1  nA.  2.0  nA.  and  2.2  nA. 
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Figure  9.3:  Simulations  of  response  to  tonic  somatic  input  with  1st  disabled. 
Stimulus  strengths  include  0.6  it  A.  0.*  nA.  1.0  nA.  1.2  nA.  1.4  nA.  1.6  nA. 
1.8  nA.  2.0  nA.  and  2.2  nA. 


Stlnulu*  «  l.t  nfl 


Stimuli*  m  1.6  nfl 


Figure  9.4:  Simulations  of  response  to  tonic  somatic  input  with  I\a~ttU 
disabled.  Stimulus  strengths  include  0.0  nA.O.XnA.  1.0  nA.  1.2  n.A.  1.4  nA. 
1.6  nA.  1.8  nA.  2.0  nA.  and  2.2  nA. 


interictally  so  that  this  current  provides  a  suppressing  influence  to  the  latter 
part  of  the  train.  The  simulations  suggest,  among  other  things,  that  Ic  may 
have  a  dual  role  -  under  “normal”  conditions  Ic  jusl  modulates  the  width 
of  the  individual  spike  .  and  under  conditions  when  Iahp  is  blocked  (which 
easily  could  be  physiological  considering  Iahp  is  inhibited  by  cholenergic 
agonists)  Ic  steps  in  to  provide  a  controlling  influence  suppressing  strong 
repetitive  firing. 

Finally.  Figure  9.9  shows  the  response  of  the  cell  with  just  /.va_rep 
blocked.  Here  a  fairly  bizzare  response  is  seen,  since  it  seems  that  this 
current  would  only  contribute  to  the  strength  of  individual  spikes  and  the 
extension  of  the  effective  range  for  firing  threshold.  However,  in  these  sim¬ 
ulations  removal  of  I\a-rtp  has  an  additional  (possibly  pathologic)  effect. 
At  low  stimuli,  the  standard  burst/accommodation  response  is  seen,  but  as 
the  stimulus  intensity  is  increased  the  cell  response  degenerates  into  a  series 
of  low  amplitude  C«2+  spikes  followed  by  a  cessation  of  activity  -  the  cell 
effectively  becomes  mute. 

In  Figures  9.10  through  9.16.  this  response  is  examined  more  closely  and 
compared  with  the  response  of  the  normal  cell  to  the  same  stimulus.  In 
Figure  9.10  the  two  responses  and  their  curreni  records  are  compared  over 
the  entire  2  seconds.  At  this  level  the  mosl  striking  difference  is  the  largp 
Idr  and  Ic a  (also  [C'g2+]s>,,/ u  and  [C«2+]s/,,//. 2)  in  the  lalter  portion  of  the 
I.Xo  —  rcp  -blocked  response.  Examining  the  firsl  part  of  the  response  in  detail 
(Figures  9.12  and  9.13).  the  differences  are  not  as  obvious.  However,  even 
though  Isa-tng  is  about  the  same  for  the  two  protocols,  the  blocking  of 
I\ a-rtp  causes  a  significant  reduction  in  the  spike  amplitude.  The  result  is 
that  Iqr  is  not  activated  as  strongly  as  in  the  normal  case,  thereby  reducing 
the  interictal  hyperpolarization  and  increasing  the  frequency  of  firing.  This 
is  shown  more  dearly  in  Figures  9.14  and  9.1-5.  where  the  initial  spikes  for 
both  responses  are  shown.  Other  than  these  changes,  however,  it  appears 
that  nothing  degenerate  is  occurring. 

The  situation  changes,  though,  as  accommodation  (mediated  by  Iahp) 
sets  in.  as  shown  in  Figure  9.16,  where  the  activated  Iahp  reduces  the 
amplitude  of  the  later  spikes  even  further,  which  in  turn  prevents  the  full 
turning  on  of  I  up.  The  net  result  is  that  the  cell  becomes  more  depolarized 
on  the  average,  allowing  Ic*  to  fully  activate.  This  inward  current,  while 
now  superseding  I.\a-tr,g  as  the  “spike"  current,  cannot  depolarize  the  cell 
enough  to  activate  Idr  fully,  which  could  repolarize  the  cell  back  to  Er(ti  and 
reset  the  firing  cycle.  Eventually,  then,  after  a  few  oscillatory  Co2+ -spikes. 
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Figure  9.5:  Simulations  of  response  to  tonic  somatic  input  with  lea  and 
IcaS  disabled.  Stimulus  strengths  include  0.0  n.A.  0.8  nA.  1.0  nA.  1.2  nA. 
1.4  nA.  1.6  nA.  1.8  nA.  2.0  nA.  and  2.2  n.A. 
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Figure  9.6:  Simulations  of  response  to  tonic  somatic  input  with  Ic  disabled. 
Stimulus  strengths  include  0.6  nA.  0.x  uA.  1.0  nA.  1.2  nA.  1.4  nA.  1.6  nA. 
1.x  nA.  2.0  nA.  and  2.2  n A. 
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Figure  9.7:  Simulations  of  response  to  tonic  somatic  input  with  Jahp  dis¬ 
abled.  Stimulus  strengths  include  0.0  nA.  0.*  nA.  1.0  nA.  1.2  nA.  1.4  nA. 
1.6  nA.  1.8  nA.  2.0  n.\.  and  2.2  nA. 
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Figure  9.8:  Role  of  /(  during  spike  train  in  response  to  2.2  nA  stimulus  with 

rr«2+l°cked  Sra  re>,,,0,'se  X,iddle  -  7<"  during  train.  Bottom 

°  and  [Co  +],,ltlLi  during  train.  The  buildup  of  fC'a2+U 

as  a  result  of  the  sustained  high  rate  of  repetitive  firing,  causes  a  rii  in 
l  (l  Uh'it.i  between  spikes  and  subsequent  persistent  activation  of  I(  . 


Figure  9.9:  Simulations  of  response  to  tonic  somatic  input  with  [\a-rtp 
disabled.  Stimulus  strengths  include  0.6  nA.  0.8  nA.  1.0  nA.  1.2  nA.  1.4  nA. 
1.6  nA.  1.8  nA.  2.0  nA.  and  2.2  nA. 
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Figure  9.10:  Comparison  of  spike  i rain  with  and  without  I,\a-rfp 
response  and  .\a+  and  A'+  currents. 


-  Soma 
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Figure  9.11:  (’oxnparison  of  a  spike  train  with  and  without  />„- 
and  intracellular  CaI+  concentrations. 
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Figure  9.12:  Comparison  of  beginning  of  spike  train  with  and  without 
I\a—r*p  *  Soma  response  and  An^  and  A  ^  currents. 
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Figure  9.13:  Comparison  of  beginning  of  spike  train  with  and  without 
Av<i-r*p  ~  Jco  and  intrsrellular  Ca*+  ronrentrations. 
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Figure  9.14:  Comparison  of  initial  spikes  of  spike  train  with  and  without 
-  Soma  response  and  ,V«+  and  A  +  currents. 
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Figure  9.15:  Comparison  of  initial  spikes  of  spike  train  with  and  without 
l\n~rrp  ~  ten  and  int racellular  C«^+  concentrations. 
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the  cell  reaches  a  stable,  depolarized  level  until  the  stimulus  is  removed. 


9.3  Conduction  of  Dendritic  Input  to  Soma 

Figure  9.17  illustrates  a  current  clamp  simulation  in  which  a  series  of  four  1.3 
nA.  3  millisecond  current  pulses  was  injected  into  the  distal  dendrite.  These 
pulses  approximate  excitatory  synaptic  input,  assuming  that  an  excitatory 
synapse  consists  of  a  selective  conductance  with  a  reversal  potential  around 
-25  mV,  a  total  conductance  on  the  order  of  60  nS.  and  an  activation  period 
of  3  milliseconds.  As  seen  in  the  figure,  these  events  propagate  down  the 
dendrite  and  sum  at  the  soma  until  spike  threshold  is  reached. 

An  interesting  detail  from  this  simulation  is  the  shape  of  the  repolar¬ 
ization  of  this  spike.  Recall  that  single  spikes  evoked  by  somatic  stimuli 
display  a  distinct  fAHP  (ref.  Figure  7.18).  In  Figure  9.17  the  bottom  of  the 
fAHP  is  elevated  so  that  there  no  longer  is  a  short  depolarizing  phase  prior 
to  the  ADP.  This  is  caused  by  the  increased  soma-dendrite  gradient,  which 
in  turn  results  from  the  fact  that  the  original  depolarization  is  due  to  the 
dendrites  rather  than  from  soma  input  V 

As  mentioned  in  Chapter  5  a  characteristic  of  I\a-irig  is  its  sharp  thresh¬ 
old.  This  characteristic  is  demonstrated  in  Figure  9.18.  Here  simulations 
with  two  inputs  are  illustrated.  One  input  consists  of  the  previous  pulse 
train.  The  second  input  is  identical  except  that  the  interval  between  pulses 
has  been  increased  by  1  millisecond.  This  input  evokes  essentially  a  linear 
response  (compare  with  the  step  responses  in  Chapter  3).  demonstrating  the 
fine  tuning  of  Isn-tnj • 


9.4  Demonstration  of  the  Full  Output  of  the  HIPPO 
Simulations 

I  shall  now  present  a  typical  simulation  protocol  in  order  to  show  the  col¬ 
lection  of  variables  that  underly  the  behavior  of  the  model.  Figure  9.19 
shows  the  overall  response  of  the  model  to  the  soma  stimulus  shown  in  the 
lower  part  of  the  figure.  An  initial  hvperpolarizing  current  step  is  applied 

’In  the  earlier  simulation  of  the  single  action  potential  the  repolarization  of  the  cpike 
alto  caused  the  dendrite  to  momentarily  be  at  a  higher  potential  than  the  soma  due  to 
the  charge  stored  in  the  dendritic  capacitance,  which  in  turn  contributed  to  the  ADP.  but 
here  this  potential  difference  is  greater  at  explained  above. 
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Figure  9.16:  Degeneration  of  spike  train  without  /v0_r(p  -  Soma  response. 
,Y«+  currents.  A’+  currents  /( ,  .  and  intracellular  C'ai+  concentrations. 
Note  the  eventual  strong  activation  of  /(  .,  preceding  stable  depolarization. 
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Figure  9.1  r.  Propagation  of  spike-producing  dendritic  input  down  cable 
to  soma.  Current  pulse  train  injected  into  distal  dendritic  segment  (ref. 
Figure  9.18  Stimulus  1  (top)). 


Figure  9.1*:  Superimposed  response  to  the  stimulus  used  in  the  previous 
figure  (Stimulus  1.  Response  1)  and  a  subthresliold  stimulus  (Stimulus  2. 
Response  2).  Note  the  near  linear  response  of  the  subthreshold  stimulus. 
Both  voltage  traces  are  the  soma  response  (bottom).  Current  pulse  trains 
injected  into  the  distal  dendritic  segment  (top). 
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to  the  soma,  bringing  the  soma  voltage  down  from  its  resting  potential  of 
about  -72  mV  to  about  -83  mV.  Next,  a  220  millisecond  I.811A  depolarizing 
current  step  is  applied,  resulting  in  the  characteristic  bursl  of  action  poten¬ 
tials.  whose  frequency  just  begins  to  reduce  as  the  action  of  Iahp  starts. 
After  the  stimulus,  the  beginning  of  the  long-lasting  after-hyperpolarization 
is  seen. 

In  Figures  9.20.  9.21  9.22  the  .Y«+  currenis  and  their  associated  gating 
variables  during  the  response  of  Figure  9.19  are  illustrated  (note  change  of 
time  scale). 

In  Figures  9.23.  and  9.24  Ic„  its  gating  variables  and  the  time  course 
of  the  intracellular  C'o2+  concentrations  are  shown  during  the  response  of 
Figure  9.19  are  illustrated  (note  change  of  time  scale). 

In  Figures  9.2-5.  9.26.  9.27.  9.28.  and  9.29  the  A'+  currents  and  their 
associated  gating  variables  during  the  response  of  Figure  9.19  are  illustrated 
(note  change  of  time  scale).  The  relationship  between  the  activation  of 
the  C'fl2+  -mediated  gating  variables  (it)  for  ](  and  Iahp  and  ihe  time 
courses  for  \C<i2+]shlii .1  and  [(7/2+]s/,(//.2  shown  in  Figure  9.24  is  clear.  The 
conductance  underlying  J\j  remains  relatively  constant  (the  time  course  of 
J,\l  closely  matches  the  time  course  of  the  vollage).  and  therefore  while  this 
current  is  almost  as  large  as  Iahp ■  it  has  ihe  relatively  uncolorful  role  of 
mediating  repeiitive  firing  only  slightly  by  changing  the  effective  (linear) 
impedance  of  the  cell. 

Finally,  in  figures  9.30  and  9.31  the  linear  components  of  the  somatic 
response  are  shown,  i.e.  the  capacitive  and  leak  soma  currents  and  the 
dendritic  voltages,  respectively. 
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figure  9.19:  Typical  simulated  response  of  the  cell  (top)  to  short  hvperpo- 
larizing  current  stimulus  followed  by  longer  depolarizing  step  (bottom). 
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Figure  9.2*>:  Ipp  and  its  gating  variables  during  response  shown  in  Fig¬ 
ure  9.19. 

Ourrwnt  (nA)  '  M 


Figure  9.2b:  Jj  and  its  gating  variables  during  response  shown  in  Fig¬ 
ure  9.19. 


Figure  9.2i:  Jr  and  its  gating  variables  during  response  shown  in  Fig¬ 
ure  9.19. 


Figure  9.2X:  I^hp  and  its  gating  variables  during  response  shown  in  Fig¬ 
ure  9.19. 
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Chapter  10 

DISCUSSION 

10.1  Introduction 

This  chapter  will  addres*  some  of  the  more  general  implications  and  con¬ 
clusions  derived  from  the  model,  in  particular  those  issues  not  covered  in 
earlier  chapters.  The  overall  question  remains  that  if  neural  nets  are  realiz¬ 
able  with  elemenis  that  just  exhibit  integrative  all-or-nothing  responses  that 
are  connected  with  regenerative  conductors,  then  why  are  all  the  channels 
needed?  The  results  of  the  model  suggest  some  rationale  as  well  as  some 
specific  questions  addressed  at  t he  apparent  role  of  many  of  the  currents 
described. 

10.2  Physiological  Roles  of  Specific  Currents  in 
Information  Processing 

How  can  the  different  currents  described  here  contribute  to  the  information 
processing  capability  of  the  pyramidal  cell?  The  first  slep  in  answering 
this  question  is  primarily  mechanical,  that  is  we  need  to  show  how  a  given 
current  shapes  the  response  to  a  reperloire  of  inpuls.  At  this  stage,  the 
repertoire  considered  has  been  very  basic  -  short  depolarizing  current  steps 
that  evoke  single  spike*,  long  lasting  depolarizing  currenl  steps  that  evoke 
spike  trains,  and  (to  a  lesser  degree)  simple  dendritic  input  consisting  of 
depolarizing  current  steps  applied  to  the  dislal  porlion  of  the  dendritic  cable. 
By  examining  the  response  to  these  inputs  the  functional  roles  of  the  model 
currents  can  be  grouped  into  three  (non-exclusive)  categories: 


Table  10.1:  Functional  roles  of  hippocampal  somatic  currents.  Entries  in 
parentheses  indicate  secondary  role.  e.g.  Ca2+  activation  of  A'+  current. 
"?"  means  that  the  role  is  unknown. 


1.  Modulation  of  shape  of  single  action  potential  (Spike  Shape). 


2.  Modulation  of  firing  threshold,  both  for  single  and  repetitive  spikes 
(Threshold ). 

3.  Modulation  of  repetitive  firing,  specifically  the  relationship  between 
strength  of  tonic  input  and  frequency  of  initial  burst  and  later  "steady 
state”  spike  train  (Freq-Inten). 


Table  10.1  summarizes  the  main  roles  for  each  of  the  described  currents 
as  indicated  by  the  simulations. 


10.2.1  Possible  Roles  for  the  Modulation  of  the  FI  Charac¬ 
teristic 

Traditionally  neural  information  is  assumed  to  be  encoded  by  frequency 
modulation  (specifically  PCM),  that  is  the  number  of  spikes  per  second 
encompasses  the  message  of  a  neuron.  For  example,  the  strength  of  con¬ 
traction  for  a  muscle  fiber  is.  over  some  range,  a  linear  function  of  the  spike 
frequency  of  its  efferent  neuron.  If  action  potential  propagation  is  assumed 
to  be  a  stereotyped  phenomena,  then  clearly  the  only  way  to  modulate 
neuronal  output  is  by  changing  the  spike  frequency.  If  the  inhibition  of  a 
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specific  current  changes  the  FI  characteristic,  this  allows  the  modulation  of 
that  neuron's  information  processing  by  various  agents. 

10.2.2  Possible  Roles  for  the  Modulation  of  the  Threshold 
of  the  Somatic  Action  Potential 

The  setting  of  the  somatic  threshold  will  determine  the  minimal  input  for 
eliciting  a  spike,  and  in  effect  change  the  sensitivity  of  a  cell.  For  example, 
if  Isa-utg  "as  blocked  by  some  endogenous  agent,  then  the  firing  threshold 
for  that  cell  will  be  raised  by  about  10  millivolts.  This  would  cause  the  cell 
to  ignore  a  wide  variety  of  input  patterns  that  would  otherwise  generate 
soma  spikes.  Even  subtle  changes  in  soma  threshold,  as  might  for  exam¬ 
ple  be  mediated  by  selective  inhibition  of  7,\/.  could  significantly  alter  the 
overall  transfer  function  of  a  local  population  of  neurons,  assuming  that  the 
cholinergic  input  is  spread  out  over  that  population  and  not  just  directed  at 
a  single  cell  ([24].  [25], [35].  [36]). 

There  are  actually  two  aspects  of  the  “threshold"  for  a  cell  -  static  and 
dynamic.  In  other  words  the  rate  al  which  the  soma  membrane  approaches 
threshold  is  as  iinportanl  as  the  absolute  level  of  that  threshold.  In  general 
the  threshold  rises  with  a  slower  approach  because  there  is  a  small  range 
for  which  sub-threshold  activation  of  J\a~tri3  is  possible.  The  most  strik¬ 
ing  evidence  for  this  was  demonstrated  in  C'hapler  7.  where  the  role  of  7.4 
in  delaying  spike  initiation  by  (effectively)  slow  stimulus  was  shown.  7.4 
therefore  may  help  10  distinguish  tonic  dendritic  (particularly  distal)  input 
versus  ionic  somatic  input.  For  input  that  eventually  will  supply  the  same 
depolarizing  current  at  the  soma,  dendritic  input  will  have  a  slower  onset 
due  to  the  cable  properties.  This  slow  onset  could  allow  I4  to  transiently 
delay  the  onset  of  the  spike  or  spikes,  as  was  shown.  A  similar  depolarizing 
current  of  somatic  origin  (e.g.  somatic  synapses)  would  have  a  faster  onset 
such  that  7.4  would  not  be  activated  in  time  on  the  depolarizing  phase  to 
delay  the  spike.  Extending  this  possibility  further,  blocking  7.4  could  have 
the  physiological  or  pathological  result  of  reducing  the  ability  of  the  soma 
to  discriminate  proximal  versus  dislal  inputs. 

10.2.3  Possible  Roles  for  the  Modulation  of  the  Shape  of  the 
Somatic  Action  Potential 

How  important  is  the  ohajx  of  an  individual  spike  al  the  soma?  In  general 
this  question  has  not  been  addressed  in  the  literature,  but  we  can  speculate 


217 


on  the  possibilities.  First,  we  can  assume  that  spike  shape,  in  particular 
spike  width,  is  unimportant  to  a  first  degree  at  the  soma  -  once  the  soma 
fires,  it  fires.  However,  the  role  of  the  spike  beyond  the  soma  may  or  may 
not  depend  on  the  spike  shape,  and  this  possibility  is  dependent  on  to  what 
extent  spike  propagation  is  a  linear  or  non-linear  phenomena. 

This  in  turn  will  determine  the  degree  to  which  an  axonal  termination 
“see's"  the  actual  time  course  of  the  somatic  event.  At  one  extreme,  the 
proximal  axon  could  transmit  the  spike  a  purely  non-linear  fashion  -  once 
threshold  was  reached,  the  classic  “all-or-nothing"  response  would  transmit 
a  stereotyped  action  potential  down  the  axon  whose  shaped  would  be  com¬ 
pletely  independent  of  the  (immediate)  post-threshold  behavior  at  the  soma. 
At  the  other  extreme,  i.e.  if  the  axonal  membrane  were  purely  linear,  the 
propagation  of  the  somatic  event  at  any  point  down  the  axon  would  be  a 
convolution  of  the  entire  somatic  signal,  rather  than  just  a  function  of  when 
the  soma  potential  passed  some  threshold. 

The  situation  in  the  brain  probably  lies  somewhere  between  these  limits, 
that  is  electrical  activity  at  the  axon  terminal  is  somewhat  dependent  on 
the  shape  of  the  somatic  spike.  The  extent  to  which  this  is  true  will  in 
turn  be  dependent  on  the  wavelength  of  the  propagaied  spike.  For  example, 
consider  a  typical  un-myelinated  axon  of  an  HPC  with  a  diameter  of  1  micron 
and  a  conduction  velocity  on  the  order  of  10  meters/second.  For  this  axon 
a  1  millisecond  action  potential  will  have  a  wavelength  on  the  order  of  10 
millimeters.  Since  the  distance  between  the  soma  and  an  axon  terminal  may 
fall  in  this  range,  the  post-threshold  waveform  at  the  soma  may  influence 
the  pre-synaptic  waveform,  despite  the  non-linearity  of  the  axon. 

Consider  what  happens  if  the  axon  is  myelinated.  Myelination  means 
that  its  Cm  "ill  be  much  less  and  its  Rm  will  be  much  greater.  This  results 
in  (a)  the  conduction  velocity  increasing  (which  increases  the  wavelength 
proportionally)  and  (b)  a  reduction  of  the  attenuation  of  the  somatic  signal 
as  it  travels  down  the  axon,  in  particular  the  high-frequency  components  of 
the  signal.  In  sum.  if  the  HPC  axon  is  myelinated,  the  electrical  activity 
at  its  terminals  will  even  more  likely  depend  on  the  time  course  of  the 
somatic  waveform,  despite  the  excitable  membrane  at  (in  particular)  the 
axon’s  nodes  of  Ranvier. 

So,  given  the  possibility  that  the  shape  of  the  somatic  action  potential 
may  modulate  the  signal  at  the  pre-synaptic  terminal,  what  role  could  this 
serve?  There  are  at  least  two  possibilities.  First,  it  has  been  demonstrated 
that  the  release  of  transmitter  at  the  pre-synaptic  terminal  is  not  an  all-or- 
nothing  event,  that  is  the  amount  of  transmitter  released  is  a  function  of  the 
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time  course  of  the  terminal  spike  ( ).  For  example,  modulation  of  the  somatic 
spike  width  may  in  turn  determine  how  much  transmitter  is  released  down 
the  line,  thereby  allowing  a  mechanism  for  changing  the  effective  strength 
of  the  spike  as  seen  by  the  distal  neuron.  Second,  pyramidal  cell  axons  often 
project  collaterals  back  to  the  originating  cell,  forming  axo-somatic  synapses, 
resulting  in  a  feedback  loop.  In  this  case,  modulation  of  the  somatic  spike 
could  affect  this  feedback  in  complicated  ways,  particularly  since  the  length 
of  the  collaterals  is  not  large. 

There  may  also  be  a  role  for  the  somatic  spike  shape  during  the  transmis¬ 
sion  of  an  action  potential  at  axonal  branch  points.  For  example,  consider 
a  axonal  branch  point  with  an  impedance  mismatch  and  where  there  is  one 
thin  and  one  thick  proximal  branch.  In  this  case  an  orthodromic  spike  that 
is  too  narrow  may  not  be  able  to  depolarize  the  thick  branch  sufficiently  for 
transmission  of  the  spike  down  that  branch,  and  as  a  result  the  spike  would 
propagate  only  down  the  thin  branch.  If  this  is  possible,  then  modulation 
of  the  somatic  spike  shape  could  be  used  to  direct  the  cell’s  output  in  a 
time-varying  way.  i.e.  some  times  allowing  blanket  transmission  to  all  the 
cell  axon’s  destinations,  and  al  other  times  allowing  reception  of  that  output 
by  only  a  limited  set  of  the  proximal  neurons. 

To  summarize,  encoding  information  as  spike  frequency  is  clearly  part 
of  the  story,  but  it  may  not  be  the  whole  slory.  Modulation  of  somatic 
spike  width  could  be  equivalent  to  a  modulation  of  the  “loudness”  of  a  given 
neuron's  message.  As  mentioned  previously,  considering  that  some  of  the 
currents  may  be  modulated  by  non-cell-specific  factors  (e.g.  local,  non- 
svnaptic  release  of  cholinergic  agonists),  the  ‘"message”  being  turned  up  or 
down  may  be  one  being  broadcast  from  a  local  population  of  cells,  not  just 
a  single  cell. 

hi  order  to  further  examine  the  above  scenarios,  it  will  be  necessary  to 
investigate  the  relationship  between  somatic  spike  shape  and  pre-synaptic 
potential,  in  particular  the  effect  of  axon  length,  diameter,  etc.  We  have  to 
answer  the  question  of  whether  the  pre-synaptic  membrane  (and.  more  im¬ 
portantly.  the  post-synaptic  membrane  via  modulation  of  transmitter  release 
or  gap- junction  interactions)  see  what  is  happening  at  the  soma?  We  also 
have  to  analyze  at  what  point  does  axonal  transmission  reduce  to  a  stereo¬ 
typed  all-or-nothing  action  potential  such  that  the  pre-synaptic  response  is 
independent  of  the  soma  potential  beyond  threshold. 
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10.2.4  Other  Implications  of  Somatic  Currents 

In  this  thesis  the  somatic  response  of  the  HPC  has  been  modelled,  under 
the  assumption  that  the  dendrites  present  a  linear  load  to  the  soma,  and 
that  the  data  on  HPC  currents  reflect  the  activity  of  channels  localized 
at  the  soma.  The  assumption  of  a  linear  dendritic  tree  has  already  been 
discussed  (Chapter  2).  However,  the  idea  that  currents  measured  at  the 
soma  reflect  channels  whose  functional  role  is  defined  at  the  soma  may  be 
questioned  as  follows.  Specifically,  all  channel  proteins,  regardless  of  there 
final  (functional)  destination  are  manufactured  at  the  soma.  Some  of  the 
so-called  somatic  channels  may  actually  be  vestiges  of  channels  intended  for 
axonal  and/or  pre-synaptic  membrane.  Some  percentage  of  the  channels 
w’hich  are  manufactured  at  the  soma  for  eventual  export  may  be  expressed 
in  somatic  membrane  either  on  their  way  to  final  destination  or  when  they 
are  transported  back  to  the  soma  for  recycling.  For  example,  it  has  been 
demonstrated  that  application  of  4-AP  modulates  post-svnaptic  events  (en¬ 
hancement  of  EPSPs  []).  Does  this  mean  that  IA.  which  has  been  tacitly 
assigned  a  primarily  somatic  role  in  this  report,  actually  does  most  of  its 
work  at  synaptic  membrane  sites  on  the  dendrites?  This  question  should  be 
addressed  in  order  to  fully  establish  the  functional  role  of  the  currents  in 
the  HPC. 

However,  if  the  spike-shaping  channels  are  intended  for  pre-synaptic 
membrane,  then  modulation  by  endogenous  factors  (e.g.  ACH)  obviously 
takes  place  at  targei  neuron.  Now  this  is  disadvantageous  if  we  want  factor 
to  act  selectively  on  some  afferent  tract.  On  the  other  hand,  perhaps  in  a 
given  dendritic  field  only  some  afferents  have  certain  channels,  so  there  still 
could  be  some  selectivity. 

10.3  Why  Do  the  HPC  Currents  Span  Such  a 
Broad  Kinetic  Spectrum? 

A  related  question  is  what  could  be  the  usefulness  of  several  types  of  cur¬ 
rents  with  a  range  of  activation  /inactivation  characteristics  for  information 
processing  function  at  the  single  cell  level.  Again,  these  currents  primarily 
define  somatic  integration:  the  role  of  the  dendritic  tree  will  further  compli¬ 
cate  matters. 

For  example,  do  current  kinetics  serve  to  stabilize  the  cell,  that  is  is 
the  cell  response  relatively  sensitive  or  insensitive  to  variations  in  a)  chan- 
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nel  configurations  or  b)  channel  kinetics/voltage-dependencies?  The  model 
suggests  that  many  of  the  parameters  have  a  strong  effect  on  cell  behavior. 
Now,  the  question  remains  as  io  what  is  the  functionally  important  aspects 
of  HPC  response.  For  example,  does  a  delay  to  onset  of  repetitive  firing 
due  to  tonic  dendritic  input  as  opposed  to  somalic  input  (ref.  1a)  have  any 
functional  aspect?  Considering  that  this  delay  can  be  on  the  order  of  several 
hundred  milliseconds,  then  the  delay  may  have  a  very  important  functional 
role. 

A  crude  analogy  to  a  computer  may  be  instructive  (adapted  from  [37]). 
Cognitive  processes  execute  on  the  order  of  hundreds  of  milliseconds,  thus 
a  delay  of  this  magnitude,  as  demonstrated  by  the  action  of.  for  example. 
Iahp ■  could  correspond  to  an  “"instruction  cycle"  delay  mechanism.  Like¬ 
wise.  some  currents  seen  to  function  as  delay  mechanisms  on  the  order  of  a 
-machine  cycle"  (about  tens  of  milliseconds),  for  example  lc.  Along  these 
lines,  a  tentative  categorization  of  the  described  currents  is  as  follows: 

•  1a  -  can  differentiate  tonic  dendritic  input  from  somatic  input 

•  Iahp  -  can  terminate  initial  train  of  repetitive  firing 

•  lc  -  just  modulates  spike  width 

•  7.\/  -  helps  set  threshold  in  general,  may  effect  F-l 

•  Idp  -  basal  repolarizer 

•  I Xa—toil  ■  modulates  repetitive  firing 

•  -  allows  repetitive  firing  with  lower  metabolic  cost 

•  1  x a— tng  -  basal  spike  current 

•  1q  -  ? 

10.4  Pathological  Roles  of  Specific  Currents 

Are  specific  currents  mediated  in  isolation  under  certain  pathologic  condi¬ 
tions?  The  selective  action  of  neurotransmitters  on  some  of  the  currents, 
e.g.  muscarine  on  I\/.  noradrenaline  on  Iahp •  supports  this  possibility. 
Other  examples  include  reports  of  various  endogenous  substances  found  in 
vitro  that  selectively  affect  distinct  currents,  e.g.  the  role  of  ethyl  alcohol 
on  mediation  of  Ia  in  Aplysia  (Biophysics  Abstracts.  1987). 
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As  shown  in  Chapter  9.  blocking  the  putative  /.va_rep  has  the  surprising 
effect  of  causing  the  cell  to  “latch-up”  in  response  to  certain  strengths  of 
tonic  stimulus  that  would  otherwise  elicit  well-bounded  stable  spike  trains. 
Although  the  existence  of  this  current  is  problematical,  the  possibility  of 
selective  blocking  for  it  raises  the  possibility  of  an  intriguing  pathology,  in 
which  neurons  stimulated  over  a  certain  threshold  will  simply  give  up  and 
remain  silent  until  the  stimulus  stops.  On  the  other  hand,  it  just  as  likely 
that  this  would  be  a  physiological  response,  that  is  under  some  conditions 
putting  an  upper  bound,  not  just  a  lower  one.  on  the  intensity  of  a  cell's 
input  may  be  advantageous. 

The  relationship  between  intracellular  Ca2+  and  /(  and  Iahp  can  also 
indicate  possible  pathologic  mechanisms.  One  role  for  these  Co2+  -mediated 
outward  currents  that  may  be  important  is  that  they  limit  Ca2+  influx  by 
repolarizing  the  cell  when  Ca2+  currents  are  turned  on.  Intracellular  Ca2+ 
is  an  important  messenger  for  several  mechanism,  for  example  muscular 
contraction,  but  excessive  [Ca2+],-n  is  a  noxious  agent.  There  are  thus  at 
least  three  negative  feedback  mechanisms  for  limiting  the  flow  of  Ca2+  - 
first,  voltage-dependent  inactivation  (e.g.  the  «•  particle  of  Ica)  of  Ca2+ 
currents:  second,  reduction  of  Ec„  with  Co2+  influx:  and  finally,  the  just 
mentioned  Co2+  -mediation  of  repolarizing  currents.  These  mechanisms 
suggest  possible  pathologic  roles  for  some  of  the  mechanisms.  For  example, 
as  shown  in  Chapter  9  blocking  of  Iahp  causes  1(_  to  step  in  and  eventually 
limil  further  repetitive  firing.  On  the  other  hand,  if  boili  these  currents  are 
blocked  repetitive  firing  may  go  unchecked,  with  a  subsequent  larger  buildup 
of  [C(/2+]i„  to.  perhaps,  pathological  levels. 

10.5  Why  Model? 

Why  a  mode]  provides  more  information  than  that  which  is  put  into  it. 
particularly  when  the  model  attempts  to  describe  a  fairly  complicated  sys¬ 
tem.  is  not  always  obvious.  However,  there  are  some  compelling  reasons  to 
employ  this  approach,  including  the  following: 

•  Modelling  helps  answer  the  question  as  to  whether  or  not  the  collection 
of  currents  described  experimentally  for  this  cell  is  sufficient  to  account 
for  the  observed  behavior. 

•  Limited  data  for  a  non-linear  system  cannol  uniquely  specify  the  sys¬ 
tem.  Modelling  is  a  way  to  generate  plausible  mechanisms  that  can 
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then  be  tested  as  more  data  becomes  available. 

< 

•  Modelling  provides  the  experimentalist  with  a  way  to  examine  high- 
uncertainty  data  and  can  stimulate  alternative  explanations  when  ex¬ 
perimental  results  are  inconsistent  with  the  current  body  of  knowledge, 
as  is  embodied  in  the  model. 

•  More  specific  to  the  results  discussed  here,  if  modelling  indicates  that 
some  currents  only  affect  spike  shape  then  this  is  evidence  for  some 
interesting  role  for  spike  shape  modulation.  This  in  turn  can  give 
suggest  new  ideas  as  to  how  information  is  encoded  in  CNS. 

10.6  Questions  Posed  by  the  Model  in  Regard  to 
Current  Mechanisms  and  Kinetics 

Does  it  really  matter  what  the  time  constant  for  decay  is  at  potentials  greater 
than  about  -40  mV.  as  long  as  it  is  much  greater  than  the  time  constant  for 
activation,  considering  that  the  spike  will  be  repolarized  before  inactivation 
can  take  place?  Also,  what  is  the  usefulness  of  inactivation  mechanisms  for 
some  currents,  in  particular  for  the  /v'+  currents?  As  demonstrated  by  the 
model,  during  normal  activity  these  currents  are  removed  primarily  by  the 
removal  of  activation.  So  far.  a  clear  role  for  inactivation  mechanisms  has 
not  been  established,  but  finding  such  a  role  is  templing,  if  one  assumes  thal 
these  mechanisms  do  not  exisl  solely  for  the  complication  of  voltage-clamp 
protocols. 

Since  we  do  not  see  all  aspects  of  current -specific  behavior  in  all  HPC 
(e.g.  do  all  HPC  exhibit  Coi+-dependent  fAHP?)  ihe  question  remains  as 
to  why  some  cells  have  certain  characteristics  while  others  don’t. 

10.7  Interpreting  the  Model  Behavior 

Given  the  speculative  nature  of  many  of  the  currents  that  I  have  presented 
in  the  model,  any  results  that  reflect  the  interaction  of  many  of  the  model 
elements  must  be  regarded  as  preliminary.  None  the  less,  there  are  a  few 
interpretations  that  we  can  draw  that  may  reflect  mechanisms  in  actual  cells. 

A  key  question  to  be  answered  for  any  of  the  currents  is  whether  or 
not  a  given  current  is  modulated  in  viro.  eilher  physiologically  or  patho- 
physiologically.  From  an  evolutionary  standpoint,  for  a  current  to  have  a 
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physiological  role  via  selective  control  of  that  current,  clearly  the  controlling 
factor  must  be  present  under  physiological  conditions.  On  the  other  hand, 
in  certain  pathophysiological  states  a  specific  current  may  be  modulated  in 
order  to  compensate  for  the  problem.  One  would  suspect  that  if  a  current 
has  evolved  (that  is  survived)  there  must  be  a  motivation  for  its  presence 
that  is  manifested  in  either  physiologic  conditions  (e.g.  as  a  computational 
mechanism)  or  pathologic  conditions  (e.g.  as  a  compensatory  or  protective 
mechanism,  or  as  well  a  computational  mechanism). 

For  several  of  the  currents  described  here  such  endogenous  factors  have 
been  identified.  For  example,  Im  is  inhibited  by  muscarinic  (physiologically, 
cholenergic)  agonists.  I  a  has  been  reported  to  be  inhibited  by  acetylcholine 
(Nakajima  et  al.  1986).  and  Iahp  is  inhibited  by  muscarinic  agonists  (Madi¬ 
son  et  al. 1987)  and  noradrenaline  (Madison  and  Nicoll.1986).  Speculation  as 
to  whether  the*--  a  •  as  yet  undiscovered  mechanisms  in  vivo  for  modulating 
some  of  the  otl  r  currents,  for  example  the  three  proposed  .Yo+  currents, 
is  interesting. 

10.8  The  Effect  of  Populations  of  Neurons  as  Dis¬ 
tinct  from  Single  Cells,  and  the  Implications 
for  Graded  Inhibition  of  HPC  Currents 

We  have  considered  the  all-or-nothing  contribution  of  ihe  various  currents, 
i.e.  either  a  given  current  is  present  at  its  norma)  strength  or  it  is  blocked 
completely.  This  description  may  be  oversimplified  in  two  ways.  First,  the 
mechanism  that  blocks  a  given  current  may  have  a  graded  effect  with  respeci 
to  a  single  neuron.  For  example,  cholenergic  input  may  be  diffuse  over  the 
soma,  and  at  a  given  time  only  part  of  these  afferents  may  be  activated  and. 
subsequently,  only  a  portion  of  the  Im  channel  or  Iahp  channel  population 
inhibited.  Second,  inhibition  of  a  given  current  must  be  thought  of  not  only 
in  terms  of  a  single  cell  but  of  a  local  population  of  cells,  the  size  of  the 
population  depending  on  the  neuro-architecture  of  a  given  region  and  the 
efferents  of  interest.  Activation  of  a  cholenergic  tract  which  terminates  in  a 
localized  area  in  CA3  may  impinge  on  thousands  of  HPC:  Assuming  that 
(worst  case)  the  Isj  of  a  given  HPC  in  the  area  is  then  either  turned  on  or 
off  completely,  the  behavior  of  the  population  is  such  that  there  will  be  a 
graded  response.  This  graded  response  will  in  turn  depend  on  the  strength 
of  the  cholenergic  tract  activity. 

The  key  point  here  is  that  thinking  about  the  information  processing 
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properties  of  single  neurons  only  in  isolation  deals  with  just  part  of  the 
problem.  Rather,  considering  how  a  population  of  neurons  behaves  is  im¬ 
perative.  No  single  cell  is  an  island,  and  removal  of  a  single  pyramidal  cell 
from  the  hippocampus  will  probably  have  zero  functional  effect. 

On  the  other  hand,  understanding  the  spectrum  of  behavior  inherent 
in  the  individual  functional  unit  (in  this  case  the  single  neuron1  is  vital  to 
deriving  the  behavior  of  the  group,  particularly  when  the  size  of  that  group 
varies  depending  on  the  system  being  considered. 

10.9  Other  Issues  Suggested  by  the  Modelling 
Approach 

One  interesting  possibility  posed  by  the  model  is  that  C'er2+ -mediated  cur¬ 
rents  might  be  used  as  a  fast-response  transducer  for  monitoring  intracellular 
Ca2+.  Previously,  this  problem  has  been  addressed  by  different  methods, 
including  via  measurement  with  microeiectrodes  [29].  with  questionable  re¬ 
sults. 

In  order  to  use  C<i2+-mediated  currents  as  a  transducer,  it  will  be  re¬ 
quired  to  verify  the  relationships  between  activation  of  these  currents  and 
Co2+  concentration  appropriate  for  these  currents,  for  example  by  using 
patch  clamp  protocols.  Modelling  can  then  be  used  to  extract  estimates  of 
the  time  course  of  C'a2+  concentration  given  limited  data,  since  the  simu¬ 
lation  of  current  clamp  protocols  establish  useful  constraints  between  the 
relevant  parameters.  In  the  results  presented  here,  the  time  course  of  in¬ 
tracellular  C'a2+  was  tightly  linked  to  both  the  membrane  voltage  and  the 
different  currents. 


'Of  course  the  definition  of  what  constitutes  the  "individual  functional  unit"  is  not 
fixed  -  this  may  range  from  single  channels  to  specific  areas  of  a  dendritic  tree  to  the 
single  cell  to  subfields  to  fields  on  up  through  the  main  systems  in  the  CNS. 


Chapter  11 

FUTURE  DIRECTIONS 

11.1  Introduction 

The  model  presented  here  is  a  preliminary  one:  at  this  point  there  are  only 
a  few  conclusions  that  may  be  drawn  from  it  with  confidence  regarding  the 
functional  aspects  of  the  entire  cell.  The  data  base,  at  present,  is  sparse, 
and  it  was  necessary  to  augment  the  available  information  with  reasonable 
speculations  on  unknown  mechanisms.  In  some  respects  this  effort  has  been 
successful  in  reproducing  the  qualitative  aspects  of  HPC'  response.  Other 
aspects  have  not  been  simulated  well,  and  it  remains  to  obtain  additional 
data  from  cells  in  order  to  fill  in  the  gaps. 

11.2  Some  Experiments  for  the  Future 

Some  experiments  that  are  suggested  by  the  model  results  include  the  fol¬ 
lowing: 

•  Validate  assumptions  regarding  electrotonic  structure  using  frequency 
domain  techniques. 

•  Evaluate  the  method  for  estimating  the  electrotonic  parameters  of 
the  dendritic  tree  from  hislological  data  that  was  presented  in  Sec¬ 
tion  3.8.2. 

•  Investigate  contribution  of  apparent  soma  leak  by  microelectrode.  If 
contribution  is  significant  during  elect rophvsiological  measurements, 
then  use  model  to  determine  behavior  of  undamaged  cell. 
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•  Validate  presence  of  proposed  A 'a+  channels. 

•  Validate  voltage-dependence  of  Ic  and  Iahp- 

•  Determine  C'a2+-dependence  of  Ic  and  Iahp- 

•  Develop  versions  of  model  for  different  hippocampal  sub-fields  or  dif¬ 
ferent  species. 

•  Further  investigation  of  the  relationship  between  various  parameters 
and  functional  sensitivity,  e.g.  does  changing  Isa-rep  parameters  af¬ 
fect  firing  patterns. 

•  In  general,  devise  voltage-clamp  protocols  to  validate  assumptions  for 
current  parameters. 

•  Test  description  of  Co2+  system. 

•  Investigate  more  quantitively  the  temperature-dependence  on  HPC’ 
parameters. 

•  Run  experiments  to  check  the  model  predictions,  as  possible,  for  the 
various  patterns  of  repetitive  firing  as  shown  in  Chapter  9. 

11.3  Testing  the  “Super”  Cell  Assumption 

During  the  analysis  of  the  HPC  literature  it  became  apparent  that  devel¬ 
oping  an  experimental  protocol  in  which  evaluation  of  at  rent//  currents  and 
the  linear  response  for  a  single  preparation  would  be  very  valuable.  A  sig¬ 
nificant  handicap  in  the  building  of  HIPPO  was  that  the  available  data  was 
derived  from  a  vast  variety  of  cells.  On  the  other  hand,  the  HIPPO  descrip¬ 
tion  tacitly  assumes  that  all  the  currents/characteristics  reviewed  could  be 
expressed  in  a  single  cell,  and  in  fact  this  (probably  fictional)  “super’’  HPC 
is  the  system  being  modelled.  Indeed,  one  of  the  more  remarkable  aspects  of 
the  model  is  that  it  was  possible  to  derive  a  single  system  description  that 
simulated  such  a  wide  range  of  responses. 

On  the  other  hand,  a  single  real  cell  may  not  embody  every  detailed  re¬ 
sponse  presented  here,  and  a  given  cell  probably  expresses  only  some  limited 
subset  of  the  reported  behavior.  Running  future  experiments  with  this  in 
mind,  and  to  design  a  suitable  protocol  that  would  shed  light  on  the  com¬ 
plete  behavior  of  a  given  preparation  in  order  to  test  the  conclusions  of  the 
model  will  be  useful. 
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Appendix  A 


A  SAMPLE  SIMULATION 
SESSION 

In  this  appendix  a  typical  simulation  session  will  be  demonstrated.  The  first 
step  in  running  HIPPO  is  configuring  the  LISP  environment  with  the  proper 
window  frame.  This  is  done  by  calling  the  function  STARTUP.  Next,  the 
function  CLAMP  is  called.  The  first  task  of  CLAMP  is  to  present  the  user 
with  a  series  of  menus  that  s**l  the  parameter*  for  the  current  simulation. 
These  menus  will  be  illustrated  below.  „ 

The  first  menu  to  appear  is  - 

Chgpsc  Variable  Values 

First  tine  progran  is  being  run?:  YtsNo 
Current  or  voltage  clanp:  Currant  damp  Voltage  clamp 
Modify  sona  paraneters:  Yea  No 
Change  the  plotted  dendrite  voltages?:  Yaa  No 
Modify  dendrite  paraneters:  Yaa  No 
Update  all  the  current  kinetics:  Yes  Mo 

Modify  overall  simulation  paraneters:  Vas  Wo _ 

Exit  □ 


In  this  simulation  all  the  options  will  be  selected.  The  next  menu  to 
appear  asks  which  soma  parameters  will  be  modified  • 

Choose  Variable  Values 
Modify  the  sona  currents  :  oasNo 
Modify  sona  geonetry  and  passwe  conponents:  Yaa  No 
Modify  the  sona  stinulus:  Yaa  No 

Modify  the  sona  synapse:  Yts  Wo _ 

Exit  □ 


The  next  menu  asks  which  soma  currents  will  be  included  and/or  mod¬ 


ified  - 


Pvranidal  Currents , 


Mai  (trigger  nutha)  current 
|1a2  (slow  tail)  current 
Ma3  (repetitive)  current 
Map  current 
Ca  current 
Slow  Ca  current 
DR  current 
C  current 
fihp  current 
M  current 
Q  current 

fl  current _ 

Do  It  Q  Abort  □ 


Inejvdc 


□ 

□ 

□ 


Modify  j 

□ 

□ 

□ 

□ 

□ 

ft 
□ 

□ 

□ 

□ 


In  this  case  Ica  and  Ic*s  will  be  killed  (as  if  Ca2+  blockers  had  been 
added  to  the  cell  medium)  and  the  parameters  for  Idr  will  be  modified. 

The  next  menu  changes  the  parameters  for  Idr  - 

De 1 aved-Rect if i er  Potassiun  Current  I 

DR-current  absolute  conductance  [nicro-S]:  0.7 
Block  sone  fraction  of  absolute  conductance  [0-1];  1.0 

**  X  Variable  Kinetics  ** 

V12  for  Dr  x:  -18 

Alpha-base  value  for  Dr  x  at  V12:  0.008 
Valence  for  Dr  x:  12 
Ganna  for  Dr  x:  0.95 

Hininun  value  for  tine  constant  [ns]:  0.5 

Here  the  kinetics  of  Idr  have  been  shifted  +10mV  along  the  voltage 
axis,  thereby  increasing  the  threshold  for  the  activation  of  this  current. 

The  next  menu  allows  for  modification  of  the  passive  soma  parameters  - 

Passive  conopncnts  .  - — — - 

Sona  sphere  radius  [nicroneters]  :  17.5 
Leakage  battery  [nV]  :  -70.0 
Ma  reversal  potential  [nV]  :  50.0 
K  reversal  potential  [nV]  :  -85.0 
Ca  reversal  potential  [nV]  :  110.0 

Calculate  C-nen  fron  geonetry  (yes)  or  use  input  capacitance  (no):  Yes  No 
Menbrane  capacitance  [nicrofaradssq-cn]  :  1.0 
Input  capacity  [nF]  :  0.15 

Calculate  *RS-HEH  fron  geonetry  (yes)  or  use  input  inpedance  (no):  Yas  No 
Menbrane  resistance  [ohn-cn-cn]  :  850.0 

Input  inpedance  [HOhn]  (used  to  substitute  for  sona  and  dendrite  Rln  only)  :  39.0 

Tenperature  of  experinent  [Celsius]:  301 

0-10  [Rate  constant  coefficient  per  10  ofegrees] :  3.0 

Q-10  [Ionic  conductance  coefficient  per  10  degrees]:  1.5 

Include  electrode  shunt  conductance  (if  no  the  g-shunt  will  be  ignored)?:  Yes  Na 
Electrode  shunt  [Hohns] :  1.0e7 

Constant  current  Injected  [nfl] :  -0.25  _ 


In  this  case  the  temperature  of  the  simulation  has  been  set  to  30°C. 

Now  the  menu  for  the  soma  current  stimulus  comes  up.  This  is  set  to 
inject  InA  into  the  soma  for  5  milliseconds  at  the  beginning  of  the  sin. nation 
run  - 

Setting  Up  Current  Clanp 

Do  you  want  current  injected  into  the  aona?:  Yea  No 
Current  clanp  by  :  Command  array  Entered  steps 
Enter  nane  of  current  connand  array  NIL 
Step  1  anplitude  [na] :  1 

For  how  long  [ns]:  B 
Step  2  anplitude  [na] :  0  \ 

For  how  long  [ns]:  0 
Step  3  anplitude  [na] :  0.0 

For  how  long  [ns]:  0.0 
Step  4  anplitude  [na] :  0.0 

For  how  long  [ns]:  0.0 
Step  5  anplitude  [na]  :  0.0 

For  how  long  (this  will  change  the  duration  of  the  sinulation) [ns] :  60 
Exit  □  ~ 


Now  the  dendrite  will  be  set  up  - 


—  DENDRITE  STRUCTURE  — 

How  nany  apical  dendrite  shaft  segnents?  :  5 
Include  apical  dendrite  shaft:  Yes  No 
Modify  it?:  Yes  No 

How  nany  apical  dendrite  left  branch  segnents?  :  0 
Include  apical  dendrite  left  branch:  Yes  No 
Modify  it?:  Yes  No 

How  nany  apical  dendrite  right  branch  segnents?  :  0 
Include  apical  dendrite  right  branch:  Yes  No 
Modify  it?:  Yes  No 

How  nany  basal  dendrite  segnents?  :  0 
Include  basal  dendrite:  Yes  No 
Modify  it?:  Yes  No 

—  DENDRITE  CHARACTERISTICS  “ 

Modify  dendrite  passive  conponents:  Yea  No 
Modify  the  dendrite  current  sttnulus:  S3  No 
Modify  the  dendrite  synapse:  Yes  No  * 

Modify  the  currents  of  the  nodified  dendrites:  Yes  No 


all  the  5  apical  shaft  segnents  have  the  sane  geonetry? 


Length  of  segnent  [nicroneters] :  240 
ianeter  of  segnent  [nicroneters]  :  112. fl 


The  passive  characteristics  of  the  dendrite  segments  will  now  be  set  - 


Passive  Properties  of  dendrite  Segments 
axon  nenbrane  capacitance  [nicrofaradssq-cn]  : 
axon  nenbrane  resistance  [ohn-cn-cn]  :  50000.0 
axon  axoplasn  resistance  [ohn-cn]  :  25.0 
dendrite  nenbrane  capacitance  [nicrofaradssq-cn] 
dendrite  nenbrane  resistance  [ohn-cn-cn]  :  48000, 
dendrite  axoplasn  resistance  [ohn-cn]  :  1208. a 
dendritic  leak  potential  [nv]  :  -70.0  \ 

Plot  all  the  voltages  in  solid  lines:  Vas  Wo _ 

Exit  0 


0.1 


1.0 


And  current  -  2na  from  25  milliseconds  to  30  milliseconds  into  the  sim¬ 
ulation  -  will  be  injected  into  the  distal  dendritic  segment  - 

Choose  Variable  Values 

Do  you  want  current  injected  into  the  apical  dendrite  shaft?:  Yes  No 
Segnent  to  inject  current  into  -  :  5 
Step  1  anplitude  [na] :  0.0 

For  how  1 ong  [ns] :  25 
Step  2  anplitude  [na] :  2 

For  how  long  [ns]:  03 
Step  3  anplitude  [na] :  0.0 \ 

For  how  long  [ns]:  0.0 
Step  4  anplitude  [na] :  0.0 

For  how  long  [ns]:  0.0 
Step  5  anplitude  [na] :  0.0 

For  how  long  [ns]:  0.0 


HIPPO  now  begins  calculating  the  network  response.  While  the  simula¬ 
tion  is  running,  the  elapsed  time  is  displayed  - 


[lanftti  *f  simulation  ♦  tima  for  stoaty  stato  -  7C.07ms  Currant  tlmo  - 

HIPPOCRttPRL  PYRRMDRL  CELL  SlflULRTIOM 
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When  the  simulation  is  complete,  the  relevant  voltages  and  currents 
are  plotted,  along  with  a  printout  of  the  parameters.  The  output  of  the 
simulation  run  is  shown. 

Various  characteristics  of  the  simulation  can  be  examined  more  closely 
as  desired.  For  example,  suppose  the  response  to  the  dendritic  stimulus  is  of 
interest.  The  relevant  portions  of  the  plots  can  be  readily  zoomed  as  shown. 


Appendix  B 

HIPPO  ALGORITHM 


In  this  model  a  spherical-soma/dendritic-cable  approximation  of  the  pyrami¬ 
dal  cell  is  reduced  to  an  electrical  network.  HIPPO  calculates  the  response 
of  the  network  using  a  modified  predictor-corrector  scheme,  based  on  that 
used  by  Cooley  and  Dodge.  [11].  At  any  given  time  step  this  algorithm  finds 
the  set  of  solutions  by  a  iteration  from  the  previous  set.  The  inputs  to  the 
network  include: 

•  intrinsic  non-linear  conductances  and  their  equilibrium  potentials 

•  current  injected  into  one  or  more  comparlmenls 

•  controlled  voltage  source  placed  in  parallel  in  the  soma 

•  synaptic  conductances 

The  outputs  of  the  network  include: 

•  voltage  and  the  derivative  of  the  voltage 

•  state  variable  values  and  their  derivatives 

•  individual  branch  currents 

These  values  are  found  for  every  compartment  in  the  network. 

The  program  first  calculates  the  steady  state  of  the  network  (if  one  exists) 
for  the  current  set  of  simulation  conditions.  If  a  steady  state  does  not  exist 
(e.g  the  cell  fires  spontaneously)  a  quasi-steady-slate  solution  is  used  as  the 
initial  values  for  the  simulation.  The  algorithm  then  proceeds  as  follows  for 
each  time  increment: 


1.  Estimate  the  voltage  of  each  compartment  by  open  integration  using 
the  value  at  the  last  time  step,  the  value  of  the  derivative  al  the  last 
time  step,  and  the  time  step.  If  this  is  the  firsl  time  step,  then  the 
previous  voltage  is  the  steady-state  voltage. 

r'(nAf)  =  V([ri  -  l]A/)  +  (At  x  V([n  -  1]A/)) 

where  V'(nAt)  is  the  estimate  of  the  voltage  of  a  given  compartment. 
V'([n  -  l]At)  is  the  voltage  at  the  previous  time  step.  At  is  the  size 
of  the  time  increment,  and  V([n  -  l]At)  is  the  time  derivative  of  the 
voltage  at  the  last  time  step. 

2.  Estimate  the  steady  state  values  of  the  state  variables  and  their  time 
constants  at  the  current  time  using  the  voltage  estimates.  For  example 
the  steady  state  value  of  the  Isa-trig  m  variable  is  estimated  as: 

™'\a-trig.ocM)=  /0"(»Af)) 

Likewise  the  time  constant  for  the  Jsa~tri9  rn  is  estimated  : 

where  /( )  gives  the  steady  state  value  {rn\a_lng  ^ )  of  m.\0~trig  a1  a 
given  voliage.  and  g( )  gives  the  time  constant  (fmjVa-frij)  at  a  given 
voltage.  Similar  equations  are  used  for  the  activation  and  inactivation 
variables  for  all  the  currents  that  are  included  in  any  given  compart¬ 
ment.  Note  that  functions  like  (/( )  and  g[ ))  are  among  the  key  results 
either  measurements  of  cell  parameters  or  the  estimates  derived  with 
the  model. 

3.  Estimate  the  present  value  for  the  state  variables  by  trapezoidal  ap¬ 
proximation.  using  the  old  values  for  the  state  variables  and  their 
derivatives,  the  estimates  for  their  current  steady  state  value,  and  the 
estimates  for  their  time  constants.  For  example. 


~  l]Af)  +  ^(™.Yo-tr,p([n  -  l]Af)  + 

m  .Vo-lri®' 

mK  —  tTig{"Al)  =  - -  ~  a,  - - * - 
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4.  The  conductances  are  estimated  from  the  state  variable  estimates.  For 
example,  for  the  Ixa-trig  conductance  the  estimates  for  mxa-trig  and 
hxa—trig  are  used  as  follows - 


—  )  —  X  a—1rtg(^  .V  u—lrig  (  )9Xa  —  trig 

where  g'Xa_trig(nAl)  is  the  current  estimate  for  the  Ixa-irig  conduc¬ 
tance.  and  9 x a— trig  *s  total  conductance  for  the  Ixa-tng  current. 
The  Co2+ -dependent  A‘+  conductances  are  estimated  using  the  values 
of  [Ca2+]a^(f;/.1  and  [Ca2+]thtu.2  calculated  at  the  previous  time  step. 

5.  Conservation  of  currents  at  circuit  nodes  (KCL)  and  the  appropriate 
branch  equations  are  used  to  calculate  the  estimated  capacitive  cur¬ 
rent  for  each  compartment  at  the  current  time.  This  current  is  then 
used  with  the  value  of  the  capaciiance  of  the  compartment  to  calcu¬ 
late  the  derivative  of  the  compartment  voltage,  given  the  estimates  for 
the  conductances,  the  estimates  for  the  voltages  in  adjacent  compart¬ 
ments.  and  the  value  of  any  injected  current  into  the  compartment. 
For  the  circuit  topologv  mosl  often  used  in  the  simulations  (see  Figure 
1.1 )  the  expression  of  KCL  for  the  estimated  soma  currents  is  : 


/ /  i  j*  i  y  i i  . 

1  stimulus  '  *  capacity  '  '.Vo  —  trig  '  M.\a  —  rcp  '  .\o  —  tail 

+I'a  +  I'dp  +  n  +  I'm  +  J'ahp  +  A? 

+  !(■„  +  I'co <  +  1'l  +  Ktndril  t  —  som  a 


=  0 


The  relevant  branch  equations  are 


capacity  “  ^  s  miiA  soma  (nAO 


I X a— trig  ~  9 X a-trig(n ^  )  *  i^Xa  ~  ^  iomiin^)) 

I'xa-np  =  9Xa-rtpin-H)  x  (£.Vi  - 

t Xa-tail  ~  9Xa-tail^,,^ )  X  (^Xa  ~  1  t  omq(n^)) 
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I'a  -  SA(n-U)  *  (Eh  -  >lo(^')) 


I'aHP  =  (lAHP(n At)  x  (Eh  -  ' 

=  ffZ>/?(nAf)  X  (^A  - 

/c  =  0c(nAf)  x  (Eh  -  Y'oma(nAl)) 

I'm  =  Sm<"AO  x  (£a-  -  Cma(nAO) 

/q  =  Sq(«A/)  X  (£a-  -  Y'.ima(nAl)) 

I'co  =  Sca(»A/)  x  ( E(a  -  Yioma(nAl)) 

I  CoS  =  SC  a  sin  At)  X  (  K(  a  ^(nAf)) 

i'L  =  9l*  (Euak  -  r;,,„„(»Af)) 

^ Shvnl  ~  9Sliun1  X  1  liA/ ) 

I dendrite— toma  9dendTiit -loma  x  ( i  dendrilr^gtgmcnll  (llAl)-\ 

Boma  ("At)) 

Rearranging  to  get  an  expression  for  Yjoma(nAl). 

Remain  At  )=  - — - x 

»•  mimbrant 

((Sxa-thg(nAf)+g\a-r'p(»Af)+gx0_lai,(nAt))xiE\a-]'t'oma(nAt)) 
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+  +  9aHp(  ) 

+g'c(n±1)  +  g'minSl)  +  g^nAf))  x  (£K  -  l'e'oma(nA t)) 

+(^,(i»A/)  +  (,[,s(nA/))  x  (£c,  -  r;„ma(nA/)) 

+SL  x  (Euak  -  VLmu(n±1))  +  gshurti  X  -V;.mQ(nAO 

~^'9dtndrilf—toma  X  (  1  dendrite—  <e^msn#l(  1  ^  sotna  (n  Af)) 

Similar  equations  are  derived  for  all  the  other  compartment  voltage 
derivatives. 

6.  A  second  estimate  of  the  compartment  voltages  is  made  with  trape¬ 
zoidal  approximation  using  the  previous  values  for  the  voltages  and 
their  derivatives  and  the  estimate  for  the  present  derivative.  For  ex¬ 
ample.  the  second  estimate  of  the  soma  voltage  is  derived  as  follows- 

t'"(n At)  =  V([»  -  l]A/)  +  |(V([n  -  1]A/)  +  V"(nA/)) 

where  is  the  second  estimate  for  the  compartment  voltage. 

Recall  that  both  the  voltage.  !'([?»  -  1  ] A/ ).  and  its  derivative.  I *( [n  — 
1]A/).  were  siored  as  results  from  the  previous  time  step. 

7.  The  new  voliage  estimates  are  compared  with  the  previous  voltage 
estimates.  If  any  of  these  estimates  is  nol  within  some  convergence 
criteria  c.  then  the  algorithm  goes  back  to  step  2  using  the  mcon  of 
the  previous  and  present  voltage  estimates. 

K.  If  all  the  voltage  estimates  are  within  the  convergence  criteria  then 
these  estimates  are  taken  as  the  present  values  for  the  voltages.  A  final 
estimate  of  the  state  variables  and  the  derivatives  of  the  voltages  are 
then  calculated,  once  again  using  steps  2  through  6.  The  derivatives  of 
the  state  variables  are  also  calculated  using  the  appropriate  differential 
equations  (ref  eq.  1.).  These  values  are  also  stored  as  the  state  of  the 
network  at  the  present  time. 

9.  [C«2+],/,c//.i  and  [C’fl2+],/,e//.2  for  the  current  time  step  is  calculated 
using  the  current  value  of  Ica  and  Icas  and  the  appropriate  differentia] 
equations  (see  Chapter  6). 

10.  Increment  the  time  and  continue  simulation. 


237 


Note  that  \Ca2+]sheiu  and  [C'fl2+},M/.2  •  and  thus  the  interaction  be¬ 
tween  these  concentrations  and  Ic  and  Iahp •  are  calculated  oul  of  the 
predict  or- correct  or  loop  in  order  to  speed  up  execution  time.  This  is  rea¬ 
sonable  since  the  time  constants  for  the  influx  of  Ca 24  and  the  change  in 
the  compartment  concentrations  are  much  slower  than  the  ivpical  time  step 
used  in  the  simulations  (0.05  milliseconds). 

The  stability  of  the  algorithm  was  primarily  a  function  of  the  time  step 
and  the  state  variable  with  the  fastest  kinetics.  Runs  for  a  given  simulation 
were  done  with  the  largest  time  step  that  resulted  in  a  convergent  solution. 
Typically  simulations  were  run  with  a  time  step  of  0.05  milliseconds,  and  an  c 
of  0.1  millivolts.  The  accuracy  of  key  simulations  was  checked  by  re  running 
the  simulation  with  a  small  time  step  and  a  small  epsilon  (typically  0.01 
milliseconds  and  0.01  millivolts,  respectively).  Running  time  for  simulations 
with  a  0.05  millisecond  time  step  and  f  =  0.1  millivolts  was  between  0.5  and 
1  second  (real  time)  per  millisecond  of  simulation. 
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Appendix  C 

OVERVIEW  OF  THE 
HIPPO  CODE 


The  HIPPO  program  is  written  in  ZetaLisp.  a  dialect  of  Lisp  that  is  imple¬ 
mented  on  the  Symbolics  3600-type  computer.  Although  this  code  will  not 
run  under  Common  Lisp,  converting  it  should  not  be  very  difficult. 

The  output  of  HIPPO  assumes  that  a  plotting  package  written  by  Patrick 
O'Donnell  has  been  loaded  into  the  machine.  Again,  this  part  of  the  program 
could  be  readily  modified  to  run  on  another  system. 

Some  of  the  features  of  this  code  include  the  evaluation  of  the  voltage- 
dependent  gating  variable  functions  and  storage  of  the  results  in  arrays 
befort  simulation  runs  so  as  to  speed  run  times.  In  addition,  it  is  relatively 
straightforward  to  add  new  conductances  to  the  model  due  to  the  modularity 
of  the  program. 

Copies  of  this  code  are  available  on  cartridge  tape  from  the  author. 
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;;  Node:  LISP;  Syntax:  Zcullspi  Package:  (HIPPO);  last:  10;  Fonts:  CPTFOHT , CPTFOKTI ;  Hardcooy-Fonts :  F1X10.TIH 
ESAOMAHIOOI 

;.V.  <•••••■••»•  HIPPO  -  SIMULATION  OF  HIPPOCAMPAL  PYRAMIDAL  NEURONS  •»«■»*•••». 

••••  UNITS  •••• 


AH  dlmanstons  art  as  foOoas  - 


71 ma  (mUHsaconds)  astcapt  for  • time *  output  array  abort  tka  Haiti  ora  metmdi. 
Dittaaca  (mlcromatinj 
Surface  ana  (tgnarton) 

:::  Volume  (cubic  mlcromattrt) 


Volt  ago  (m  IH troll  t) 
Currant  (aaao-araps) 


■Jflc  MaMiram  eapacitanca  (micro  farads  par  If* art-cm) 
•ific  mtmbram  rtsUttrtty  (oiun t-cm  on) 

.  acttanca  (nano  farads) 

JUslitanca  (mega-ohms) 


Conduct anca  (micro  omasa) 

:::  Conductance  dansity  (mUlltitmantpar  sgnaraon) 


****  Da  flat  aO  the  globd  rarlobtes  and  arrayt  •••• 

:::  Tha  naming  commotion  for  tha  torlablat  Is  as  fottoms  - 

:::  teriable-narue  ■  local  tarlable 
:::  •tarlabte-naena  «  global  tarlable 
:::  VARIABLE-NAME  -  global  array 
:::  rerlabie-mameS  ■  dot  location  In  array 
:::  •tarUbto-nmno*  m  global  (output)  list 


Theta  arrays  hold  aO  tha  stata  teriabUs  for  tack  conpartmant.  DENDRITE  Is  a  two  dimensional  array  to 
Include  aO  tha  dandrltlc  mgmanss. 

(defvar  OASAL-OENMITE  (aakt- array  *(90  200)  : Initial-value  1.0)) 

(dcfvar  APICAL-  1-0ENMITE  (aake-array  '(50  200)  : Initial -value  1.0)) 

(defvar  APICAL-2-0CMMITE  (aake-array  '(SO  200)  : initial-value  1.0)) 

(defvar  APICAl-SHAFT-OENMUTE  (aake-array  ’(90  200)  :1n(t1a1-va)ua  1.0)) 

(defvar  etotal-aegaenta  10) 

(defvar  SOMA  (aake-array  200  :tn1t1a1-va1ue  0.0)) 

(defvars-w-value  (sdendrlte-synapse-aUp  0)(«saaa-synapsc-atap  0) 

( «itart-dandr  1  te-synapse  10.0)(«surt-soaa-synap*e  10.0)) 

(defvar  a-nsl- Inf-array  (aake-array  1700  :1n1t1a1-va1ue  1.0)) 

(defvar  h-nal-inf-array  (aake-array  1700  ilnltlal-value  1.0)) 

(defvar  t-a-nal-array  (aake-array  1700  :1n1t1a1-va)ue  1.0)) 

(defvar  t-h-nal-array  (aake-array  1700  : Initial-value  1.0)) 

(defvar  a-na2-1nf-array  (aake-array  1700  : Initial-value  1.0)) 

(defvar  h-naZ- inf -array  (aake-array  1700  :1n1t1a1-va1ua  1.0)) 

(defvar  t-a-na2-array  (aake-array  1700  : Initial-value  1.0)) 

(defvar  t-h-na2-array  (aake-array  1700  ; initial-value  1.0)) 

(defvar  a-nt3-1nf-arrey  (aake-array  1700  : initial-value  1.0)) 

(defvar  It-na3-1nf-array  (aake-array  1700  : Initial-value  1.0)) 

(defvar  t-a-na3-array  (aake-array  1700  : initial-value  1.0)) 

(defvar  t-h-na3-array  (aake-array  1700  : Initial-value  1.0)) 

(defvar  x-nap- Inf-array  (aake-array  1700  ilnltlal-value  1.0)) 

(defvar  t-x-nap-array  (aake-array  1700  i Initial-value  1.0)) 

(defvar  s-ea- Inf-array  (aake-array  1700  ilnltlal-value  1.0)) 

(defvar  v-ea- Inf-array  (aaka- array  1700  ■ Initial-value  1.9)) 

(defvar  t-t-ca-array  (aalca-array  1700  > Initial -value  1.0)) 

(defvar  t-w-ca-array  (aaka-array  1700  ilnltlal-value  1.0)) 

(dtfvar  x-cas- Inf-array  (aaka-array  17N  ■  Initial-value  1.0)) 

(defvar  t-x-caa-array  (aake-array  1700  : Initial -value  1.0)) 

(defvar  x-a-lnf-arrty  (aaka-array  1700  : Initial -value  1.0)) 

(defvar  y-a-lnf-arrey  (aaka-array  1700  ilnltlal-value  1.0)) 

(defvar  t-x-a -array  (aaka-array  1700  ilnltlal-value  1.0)) 

(defvar  t-y-a -array  (aaka-array  1700  ilnltlal-value  1.0)) 

(defvar  x-c-lnf-array  (aaka-array  1700  i Initial-value  1 .0) > 

(defvar  y-c-1nf-array  (aake-array  1700  ilnltlal-value  1.0)) 

(defvar  t-x-e-array  (aaka-array  1704  ilnltlal-value  1.0)) 

(defvar  t-y-c-arrey  (aaka-array  1700  ilnltlal-value  1.0>) 
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(defvar  x-dr-lnf-array  (sake-array  1700  : initial-value  1.0)) 

(defvar  y-dr-lnf-array  (sake-array  1700  :1nlt1a1-va1ue  1.0)) 

(defvar  t-x-dr-array  (sake-array  1700  :lntt(a1-value  1.0)) 

(defvar  t-y-dr-array  (sake-array  1700  .-Initial-value  1.0)) 

(defvar  x-s-1nf-array  (sake-array  1700  : initial-value  1.0)) 

(defvar  t-x-s-array  (sake-array  1700  : Initial-value  1.0) ) 

(defvar  x-q-lnf-array  (sake-array  1700  : initial-value  1.0)) 

(defvar  t-x-q-array  (sake-array  1700  :in1tla)-va1ue  l .0) ) 

(defvar  z-ahp-lnf-array  (sake-array  1700  :1nit1al-value  1.0)) 

(defvar  t-z-alip-array  (sake-array  1700  : initial-value  1.0)) 

(defvar  y-ahp-inf-array  (sake-array  1700  : Initial-value  1.0)) 

(defvar  t-y-ahp-array  (sake-array  1700  .-Initial-value  1.0)) 

(defvar  voltage-array  (sake-array  1700  :lnlt1al-va1ue  1.0))  ;Um  this  array  for  plotting  eartablt  curees 


Set  up  labels  for  the  earious  dendrite-segment  and  soma  array  slots. 

(defvars-w-value 
(label!  0) 

;;The  lass  permanent  redues  for  the  soilage  and  the  dertrattee  of  the  eoltagt. 

(voltages  1)  ( voltage-do tS  2) 

::'-estl'.  the  present  estimate  of  the  railage  and  "-estl-dot",  the  present  estimate  of  the  derteattee  of  the 
tydtags.whkh  are  lobe  used  In  calculating  the  next  estimate  of  the  rottags. 

(voltage-estlS  3)(voltage-eatl-dotS  4) 

::m-est2 the  next  estimate  of  the  eottags.  When  this  Is  calculated  It  win  then  be  compared  with  the 
.‘.•preeleus  estimate  to  see  If  the  two  reluct  are  within  the  comergence  crltertum . 

(vo)tage-est2S  5) 

;;f assise  parameters. 

(capacitances  10)(lengthS  11  KdtaseterS  IZHe-reatS  13)( total -segsentaS  14H  Include-seS  15)(plot-seS  16) 
(ca-conc-ahellS  17)  (ca-conc-ahel 1-dotS  18) 

(ca-conc-ahell2S  117)  (ca-conc-sbel)2-dotS  118) 

r.TKa  las t  permanent  eatues  for  the  state  earlablei  and  their  derteatlees,  calculated  with  the  last  permanent 
for  thf  9C(t4 fV. 

"(s-nalS  20)(s-na1-'dotS  21)  (h-nalS  22)<h-na1-dotS  23) 

(s-na2S  120)(s-na2-dotS  121)  (h-na2S  122)(h-na2-dotS  123) 

(s-na3S  124)(s-na3-dotS  125)  (H-na3S  126)(h-na3-dotS  127) 

(s-caS  24)(a-ca-dotS  25)  (v-caS  26)(«-ca-dotS  27) 

(x-aS  28)(x-a-dotS  29)  (y-aS  30)(y-a-dotS  3D 
(x-drS  32)(x-dr-dotS  33)  (y-drS  34)(y-dr-dotS  35) 

(x-sS  36)(x-s-dotS  37) 

(x-qS  38)(x-q-dotS  39) 

(x-napS  40)(x-nap-dot$  41) 

(x-cS  42)(x-c-dotS  43)  (y-cS  44)(y-e-dotS  45)  (w-cS  54>(w-c-dotS  55) 

(x-casS  46)(x-cas-dotS  47) 

(z-ahpS  48)(z-ahp-dotS  49)(y-ahpS  50)(y-ahp-dotS  51>(t*-ahpS  52)(w-ahp-doU  53) 


.‘.•Absolute  conductances. 

(g-ex1alS  60)(g-synapseS  61) 

(g-leakS  62)(gbar-nalS  63) 

(gbar-na2S  163) 

(gbar-na3S  184) 

(gbar-cas  84) 

(gbar-kS  85) 

(gbar-sS  88)(gbar-dr|  87)(gbar-cS  68)(gbar-qS  69)<gbar-napS  70)(gbar-aS  71) 
(gbar-casS  72) 

(gbar-ahps  73) 

;:Kegs  for  the  dendrite  currents. 

(Incfude-naS  80) 

(Includa-caS  61)) 


Them  are  i usd  to  store  the  steady  state  rdues  and  the  tone  constants  for  the  railage  damp  protocol. 
(defvars  exqlnf  *tq  axclnf  »txc  aycinf  *tyc  xwclnf  *twc 
exalnf  *ts 

^nallnf  atsnal  abnallnf  »thnal 
•sna2inf  «tsna2  *hna21nf  *thna2 
«ana31nf  «tana3  «bna31nf  <thna3 
•■calnf  * taca  eticalnf  atbca 

exdrlnf  *txdr  xxcatlnf  atxcas  ezahplnf  itzahp  eyahplnf  «tyahp  awahplnf  atwahp 
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aydrlnf  *tydr  axalnf  atxa  ayalnf  *ty»  axnaplnf  *txnep  ) 

;;;  7*«j»  ere  the  array*  which  hold  the  torn*  end  dendrite  syn^ttc  conductances  [  micro-Sl 
(defvar  SOHA-SYMAPSE  (Mke-array  10000)) 

(defvar  DENDRITE -SYNAPSE  (Mke-array  10000)) 

Various  j icbd  m rlabUt 

(defvars  ags-nal-est  »gs-na2-est  «gs-na3-est 

*gs-nap-est  *gs-ca-est  *gs-a-e*t  *gs-c-est  ags-a-est  *gs-dr-eat  ags-cas-est  *gs-ahp-est 
«gs-q-est  ags-leak  ags-synapse  *gs- coup ling  atlM  aclaap- voltage  avatap  »t1aa-for-staady-state 
DENDRITE-ARRAY  *g-e1ectrode) 

(defvars  aa-a-nal  *b-a-ne1  aa-h-nal  ab-h-nal) 

(defvars  *a-a-na2  ab-a-na2  ae-h-na2  ab-h-na2) 

(defvars  *a-e-na3  *b-a-na3  «e-h-na3  ab-h-na3) 

(defvar  avclaap-eoaaund-flag  1) 

(defvar  avoltege-coaaand*  nil) 

(defvar  aiclaap-coaMnd-flag  1) 

(defvar  acurrent-coaaend*  nil) 

(defvar  astla-seg  *) 

(defvar  *syn-seg  *) 

(defvars  «p1ot-11stl  slabel-Kstl  *plot-llst2  alabe1-11st2  «plot-1lst3  «1abc1-11st3  splot-llste  *labe1-11st* 
*p1ot-11st5  slabel-llstS) 

(defvars-w-value  (al-stla-1  0.0)(al-st1a-2  0.0)(ai-st1a-3  0.0)<al-st1a-4  0.0)(»1-st1a-5  0.0) 

(at-stia-1  0.0)(*t-st1a-2  0.0)(<t-st1a-3  0.0)(*t-st1a-4  0.0)(«t-stlB-5  0.0) 

(*1-den-st1a-1  0.0)(*1-den-st1a-2  0.0)(«1-den-st1a-3  0.0)(*1-den-st1a-4  0.0) 

(*1-den-st1a-S  0.0) 

(al-den-stla-6  0.0)(«1-den-st1a-7  0.0)(al-den-st1a-8  0.0)(*1-den-st1a-B  0.0)(«t-den-st1a-l0  0.0) 
(st-den-stla-l  0.0)(«t-den-st1a-2  0.0)(*t-den-st1a>3  0.0)(*t-den-st1a-4  0.0) 

(■t-den-stla-5  0.0) 

(*t-den-st(a-<  0.0)(*t-den-st1a-7  0.0)(*t-den-st1a-8  0.0) (at-den-st la-8  0.0)(at-den-st(a-l0  0.0) 
(scurrent-stlaulus-segMnt  5)  (ai-stla  0.0)(<1-den-st1a  0.0) 

(*tlM-step  0)(>duratlon  50)(alnc1ude-soM-currsnt  t)(*lnclude-dendr1te-current  nil) 
(aplot-dendrlte  t)(  *ca  leu  la  te-sta  edy- state  t)(*f1rst-run  t)(*stcady-stete-run  nil)) 

(defvar  aqten  3.0)  .-Temperature  dependence  of  rust  constants.  7V  rare  constants 

tetre  multiplied  by  •QTEN  raised  to  (T-  These whan  T  is  tht 
•.temperature  of  tht  simulation,  end  Thom  I*  the  temperature  of 
aha  of  the  experiment  that  measured  the  rata  constants. 

(defvars-w-value  («qten-factor-at-23  1.0)  ( aqten- factor-at- 32  1 .0)(*qten-f actor -at-24  1.0) 

(*qten-factor-at-22  1.0)  ( aqten- fector-at-37  1.0) 

( aqten- factor-at-14  1.0)  ( «qten-fector-at-25-B  1.0)) 

(defvers-w-valut  (asoaa-synapse-tau  1 .Oltascaa-synapae-aaplltude  1.0)t«e-synapse  -25.0) 

( adendr  1  te- synapse- tau  1.0)  (adendrlte-synapse-aaplltude  1.0)  ( asynapse-segaent  5) 

(•total -apical -1-segaenta  0)  (atotal-aplcal-2-segaenu  0)  (atetal -apical -shaft-segaents  5) 
(■total -basal -segMnu  0) 

(at -constant- Injection  0.0)) 

(defvars-w-value  (aexona)-cap-aea  . 1 )(*axonal-r-aea  50000. 0)(*axona1-r-1nt  25.0)) 

Miscellaneous  flags 

(defvars-w-value  (*aod1fy-soM-pass1ve-coaponents  t)(Mod1fy-soM-st1aulus  t)(«aodtfy-soM-synapse  nil) 
(aaodify-soM-currents  t)(Modlfy-soM  tXaaodlfy-dendrlte  t) 

(asegaenu-all-tnc-saM  t)(«s1auletion-flag  t)(alnclude-soaa-synapsc  nil) 

( alncluda-dendrl te-iynapse  nil) 

(aaodtfy-dendrlte-synapse  n(l)(aaod1fy-dendr1te-st1au1us  NIL)(alnc1ude-dendr1te  t) 

( *aodt fy-dendr  1  te-geoaetry  NILXaaodlfy-dendrlte-passIve-coaponenu  NIL) 
(aaodlfy-dendrlte-currents  NIL)(aplot-voltages-solld  tXaoverlay-slaulatlons  nil) 

( achangt-p lot-dendrite  NIL) 

(aupdate-aptcel -1  nil) 

(■update-apical -2  nil) 

(aupdate-apleal-shaft  NIL) 

(■update-basal  nil) 

(*1nclude-ap1cal-1  nil) 

(alnclude-apleal-2  nil) 

(sinclude-aplcal-sheft  t) 

(•Include- basal  nil) 

( Modi  fy- den  dr  Ite-curr  ants  nil) 

(■plot-results  t) 

(aupdate-a 11 -kinetics  nil)) 

(defvers-w-velue  (aplot-asl  nil)  (aplot-as3  nil)  (aplot-as5  nil)  (aplot-aslO  nil) 

(aplot-all  nil)  (*plot-at4  nil)  (aplot-arl  nil)  (aplot-ard  nil) 

(aplot-bl  nil)  (aplot-b4  nil)) 

:::  Hags  for  the  currents 
(defvars-w-value  (*1ncl«ide-nal  T) 

(*1nclude-na2  T) 

(a1nctude-na3  T) 

(alnclude-nap  n1l)(ainc1ude-a  T)(alnelude-ahp  n11)(*1nclude-cas  nil) 
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(*1nclud*-dr  T)(*tnc)ude-k  n11)(*1nclude-c  nl 1 )( slnclude-a  n11)(*1nc1ude-kinet1cs  nil) 
(*1nc1ude-ca  ni1)(*1nc)ude-q  nil )(*1nc)ude-shunt  t)) 

(defvars-w- value  (*na1-aod  nil)  (*na2-aod  nl))  (*na3-aod  nil)  (snap-aod  nil)  (*ca-aod  nil)  (*c-aod  nil) 
(*dr-aod  nil)  (*a-aod  nit)  <*n-aod  nil)  (sq-aod  nil)  (scas-aod  nl 1 )(**hp-nod  nil)) 

The  simulation  tim t  step 
(defvar  *dt  .01)  tmstcs 

:::  *tptilon  is  tht  convergence  erlttria  for  tht  comportment  voltages;  •dot-epsilon  Is  the  convergence  criteria 
;;;  for  tht  derivative  of  the  compartment  voltages  when  trying  to  calculate  the  steady  state. 

(defvar  (epsilon  .01) 

(defvar  *dot-eps1 Ion  .01) 

(defvars-w- value  (*v1  -W.0)(*v2  20.0)(*v3  -60.0>(*v4  -60.0>(*vS  -60.0)) 

(defvar  splot-step  1) 

(defvar  *polnt-1ndex  1) 

(Defvar  (plot-points  300) 

(defvar  *vc1aap-run) 

(defvar  *1c1aap-run) 

(defvar  leap- type  i) 

Output  arrays 

(defvars  *1-current«  scaps-current*  (current*  *t1oe*  (voltage*  (nal-currant*  *na2-current*  *na3-eurrent* 
*nap-eurrent*  *cas-current* 

*dr-current*  ((-current*  ((-current*  sa-current*  *c-current*  (ahp-current*  *e-eff* 

*a-nal*  di-nal*  *a-na2*  *h-na2*  *a-na3*  *h-na3* 

ex-dr*  *y-dr*  *x-a*  *y-a*  *g-a*  »g-dr*  *n-k*  *x-e*  *x-c*  *y-e*  «**-e*  *»-na-dot*  *g-na*  *1-st1a*  *p-c* 
(g-c-concs  *soaa-synapsa-currant*  (nadl -current*  *ead1 -current*  (coupling-current*  (stia-current* 
*dendr1te-st1a-currant*  *a*1voltage*  *as3voltagt*  *as5vo1taga*  saslOvoltage* 
sallvoitage*  *aHvo1tage*  (arlvoltage*  *ar*voltage* 

(bivoltage*  (Mvoltage*  *shunt-curr-»nt* 

•dendrite- synapse -cur rent*  sca-current*  *soau -synapse- conductance*  *den dr Ite-syn apse- conductance* 
*q-current*  *x-nap*  *z-ahp*  *y-ahp*  *w-ahp*  *g-ahp*  *s-ca*  *w-ca*  *g-ca*  *g-na1*  *g-na2*  *g-na3* 
*ca-conc-she11*  *ca-conc-shel 12* 

*e-ca* 

•x-nap*) 


(defun  set-up-output-arrays  (plotted-pointa) 

(cord -every 

(t  (setq  *1-stln*  (aake-array  plotted-pointa  : initial-value  0.0) 

■ca-conc-shell*  (aake-array  plotted-pointa  :1n1tia)-value  0.0) 

*ca-conc-ahe1 12*  (aake-array  plotted-pointa  i Initial-value  0.0) 

*e-ca*  (aake-array  plotted-pointa  sinltial-value  0.0) 

*l-current*  (aake-array  plotted-pointa  : Initial-value  0.0) 

*capa-current*  (aake-array  plotted-pointa  :1nitial-value  0.0) 

•current*  (aake-array  plotted-pointa  -.initial-value  0.0)  (tlae*  (aake-array  plotted-pointa  :1n1t1al-va 

lue  0.0) 

•voltage*  (aake-array  plotted-pointa  .-initial-value  0.0)  *e-eff*  (aake-array  plotted-pointa  :1nltlal-v 

alue  0.0) 

*shunt-current*  (aake-array  plotted-pointa  : initial-value  0.0) 

(coupling-current*  (aake-array  plotted-pointa  : Initial-value  0.0) 

*atia-current*  (aake-array  plotted-pointa  :1n1tiel-value  0.0) 

*dendrite-atla-current*  (aake-array  plotted-pointa  : initial-value  0.0) 

*aal voltage*  (aake-array  plotted-pointa  ilnltlal-value  0.0) 

*aa3voltage*  (aake-array  plotted-pointa  : initial-value  0.0) 

*ea5voltage*  (aake-array  plotted-pointa  : initial-value  0.0) 

•aaiOvoltage*  (aake-array  plotted-pointa  : Initial-value  0.0))) 

(*1nc1ude-nal  (setq  *nal-current*  (aake-array  plotted-pointa  : initial-value  0.0))) 

(•Inc1ude-na2  (setq  *na2-current*  (aake-array  plotted-pointa  : initial-value  0.0))) 

(*tnclude-na3  (setq  *na3-current*  (aake-array  plotted-pointa  : initial-value  0.0))) 

(sinclude-ca  (aetq  *ca-currcnt*  (aake-array  plotted-pointa  t initial-value  0.0))) 

( *1nclude-caa  (aetq  scaa-current*  (aake-array  plotted-pointa  :1n1tial-value  0.0))) 

(*1nclude-dr  (aetq  *dr-current*  (aake-array  plotted-pointa  : initial-value  0.0))) 

(•include-a  (setq  *a-current*  (aake-arrey  plotted-pointa  < Initial-value  0.0))) 

(sinclude-a  (aetq  *a-current*  (aake-arrey  plottad-points  : initial-value  0.0))) 

(•tnclude-aftp  (aetq  ealip-current*  (aek e-array  plotted-pointa  > initial-value  0.0))) 

(*lnclude-q  (aetq  *q-eurrent*  (aake-arrey  plotted-pointa  sinitial-value  0.0))) 

(*1nclude-c  (aetq  *c-current*  (aake-array  plotted-pointa  : initial-value  0.0))) 

(*1nclude-kinetica 

(cond-every 

(•include-nai  (aetq  *a-nai*  (aake-array  plotted-pointa  : initial-value  0.0) 

*ti-nal*  (aake-array  plotted-pointa  sinltial-value  0.0) 

*g-nais  (aake-array  plotted-pointa  sinltial-value  0.0))) 

(*1nclude-na2  (aetq  «e^na2*  (aake-array  plotted-pointa  sinltial-value  0.0) 

*h-na2*  (aake-array  plotted-pointa  sinltial-value  0.0) 

*g-na2*  (aake-array  plotted-pointa  sinltial-value  0.0))) 

(*include-na3  (aetq  *a-na3*  (aake-array  plotted-pointa  sinltial-value  0.0) 

*n-na3*  (aake-array  plotted-pointa  sinltial-value  0.0) 

(g-na3*  (aake-array  plotted-pointa  sinltial-value  0.0))) 

(*1nc1ude-ca  (setq  *s-ca*  (aake-array  plotted-pointa  sinltial-value  0.0) 
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•w-ca*  (aaka-array  plottad-polnta  Mnltlal-valua  0.0) 

*g-ca*  (aaka-array  plottad-polnta  Mnltlal-valua  0.0))) 

(*1nc1ude-dr  (aatq  *x-d r*  (aaka-array  plottad-palntt  :1n(t1al-va1ua  0.0) 

ey-dr*  (aaka-array  plottad-polnta  :1n1t1a)-va)ua  0.0) 

«g-dr*  (aaka-array  plottad-polnta  Mnltlal-valua  0.0))) 

(*1nclude-a  (aatq  *x-a*  (aaka-array  p1ottad-po(nts  :fn1t1a)-va)ua  0.0) 

*y-a*  (aaka-array  plottad-polnta  :inlt1al-va)ua  0.0) 

*g-a*  (aake-array  plottad-polnta  Mnltlal-valua  0.0))) 

(«1nclude-a  (aatq  *x-a»  (aaka-array  plottad-polnta  Mnltlal-valua  0.0))) 

(*lnctude-ahp  (aatq  *2-ahp*  (aaka-array  plottad-polnta  Mnitlal-value  0.0) 

xy-ahp*  (aaka-array  plottad-polnta  Mnitlel-value  0.0) 

aw-ahp>  (aaka-array  plottad-polnta  Mnltlal-valua  0.0) 

*p-ahp*  (aaka-array  plottad-polnta  Mnltlal-valua  0.0))) 

(*1ncluda-e  (aatq  *x-c*  (aaka-array  plottad-polnta  Mnitlal-value  0.0) 

sy-c«  (aaka-array  plottad-polnta  Mnitlel-velue  0.0) 

a»-cs  (aaka-array  plottad-polnta  Mnltlal-valua  0.0) 

ap-c*  (aaka-array  plottad-polnta  Mnltlal-valua  0.0) 

*0-c-conc<  (aaka-array  plottad-polnta  Mnltlal-valua  0.0))))))) 


(dafvara  aplot-pana-1  *p1ot-pene-Z  *plot-pane-3  aplot-pana-t  «plot-pene-5  *p)ot-pana-0) 


:::  SETUP-MENU*  Son  up  tilth*  parmunrt  for  tkt  cxrrtmi  run. 

(da fun  aetup-aanu#  () 

(tvichooaa-vartabla-valuaa 

’((sflrat-run  *F1rat  tlaa  propraa  la  balng  run?'  : bool tan) 

(tclaap-typa  ‘Currant  or  voltage  claap*  iCfiooaa  ('Currant  elaap*  'VolUga  claap*)) 

(aaodlfy-aoaa  'Modify  aoa a  paraaatara*  .-boo loan) 

(*ehange-plot-dendrlte  'Change  the  plotted  dendrite  voltagaaf*  (boolean) 

(aaodlfy-dendrlta  'Modify  dendrite  paraaatara*  (boolean) 

(*update-all-klnatlca  'Update  all  the  currant  klnetlea*  (boolean) 

(*e1autat1on-f1ag  'Modify  overall  alaulatlon  paraaatara*  (boolean))) 

(If  aflrat-run  ( Initial Iza-dandrltaa) ) 

(If  (equal  >claap-type  'Currant  claap*) 

(aatq  tlclaap-run  t  *vc leap- run  nil) 

(aatq  tlclaap-run  nil  avclaap-run  t) > 

(eond-every  («a1aulat1on-flag  (aanu-for-alaulatlon)) 

( aaodl fy-aoaa  (aenu-for-aoaa) ) 

(•aodlfy-dendrlte  (aanu-for-dandrlta)) 

(tchange-plot-dendrlta  (aenu-for-dendrlte-plottlng)) 

((or  tchange-plot-dendrlta  tchange-plot-polnta  »cftangt- Include- kinetic*  «odlfy-aoaa-currenta) 
(aet-up-output-arraya  tpiot-polnta) 

(foraat  t  'Hade  new  output  arraya*)) 

(«update-all -klnetlea  ( var 1 ab 1 a- array -aatup ) ) ) ) 


(defun  aanu-for-dendrlta-plottlng  () 

( tv:chooae-var1able-valuea 
’((tplot-aal  'Plot  abaft  aegaent  1*  (boolean) 

(tplot-aa3  'Plot  abaft  aegaent  3*  (boolean) 

(tpiot-aaS  'Plot  abaft  aegaent  S*  (boolean) 

(tplot-aalO  'Plot  abaft  aegaant  10*  (boolean) 

(tplot-all  'Plot  left  aagaant  1*  (boolean) 

(*plot-aia  'Plot  left  aegaent  a*  (boolean) 

(tplot-arl  'Plot  right  aagaant  1*  (boolean) 

(aplot-ar*  'Plot  right  aagaant  **  (boolean) 

(aplot-bl  'Plot  baaal  aagaant  1*  (boolean) 

(apiot-be  'Plot  baaal  aogaont  *'  (boolean)) 

'(LAKL  'CHOOSE  PLOTTED  SEOHEHTS') 

(aaat  (If  *lot-aal  t  nil)  APXCAl-SHAFT-DEMOMITE  0  plot-aal) 
(aaet  (If  «plot-aa3  t  nil)  APICAL-3HAFT-DEM0WTE  Z  plot-aal) 
(aaat  (If  apiot-aa3  t  nil)  APICAl-SHAFT-DEMOMTE  «  plot-aal) 
(aaat  (If  *plot-aa1l  t  nil)  APICAl-SHAFT-OEMOMITE  •  plot-aal) 
(aaat  (If  apiet-all  t  nil)  APICAL- 1-0EM0MTE  I  plot-aal) 

(aaat  (If  *vlot-a!4  t  all)  APICAL-1-0EMCMITE  I  plot-aal) 
(aaat  (if  aplot-arl  t  all)  APICAl-Z-OEMOMTE  0  plot-aal) 

(aaat  (If  eplot-ara  t  nil)  APICAL-Z-DEMMITE  I  plot-aal) 
(aaat  (If  >plot-b1  t  nil)  IASAL-0EMMXTE  0  plot-aal) 

(aaat  (If  aplot-b*  t  nil)  IASAL-DEMMITE  3  plot-aal)) 


:::  MXJW-POESOMA  Sou  up  rOtko  pnromotort  for  tht  bottom  run. 

(da fun  aanu-for-aoaa  () 

(tv(dwoaa-var1ab1a-valoea 

’((•■odlfy-ioaa -current*  'Modify  the  aoaa  currant!  ■  (boolean) 

(vwdlfyaoaa-paaelve-coaponenta  'Modify  aoaa  gaoaatry  and  paaalva  coaponenta*  (boolean) 
(MMdlfy-aoaa-atlaulua  'Modify  the  aoaa  atlaulue*  (boolean) 

245 


(•aodlfy-soat-synapse  ‘Modify  the  iom  synapse*  :boo1ean))) 

(cond- every  ( »aod1fy-ioaa- currents  (Benu-for-soae-currenti ) ) 

( *uod1 fy- sobs- passive -coaponents  ( aenu - f or - soae-geoae  try- end- pass Ive-coaponents  )) 

((and  *1claap-run  sttodlfy-soae-stlaulus)  (aenu-for-soaa-current-stlaulus)) 

((and  evclaap-run  *Nod1fy-soae-stlBulus)  (aeny-for-soaa-voltage-stlaulut)) 

( saodl fy-soaa- synapse  (aenu-for-soaa-synapsa) ) ) ) 

:::  MENU-  POP  -  DSHD  RITE  Sets  up  ditto  parmttsrt  for  tto  cur  mu  run. 

(defun  aenu- for -dendrite  () 

(tv: choose- variable-values 
•(" 

•  -  0£ NORITE  STRUCTURE  — • 

am 

( * total -apical -shaft-segaents  *How  aany  apical  dendrite  shaft  segaantsT  *  :nuaber) 
(einclude-aplcal-shaft  ’Include  apical  dendrite  shaft*  : boolean) 

(•update-apical -theft  ‘Modify  It?*  : boo lean) 

(•total -apical -i-segaents  ’Hot*  aany  apical  dendrite  left  branch  segaentsf  *  :nuaber) 
(slnclude-aplcal-1  'Include  apical  dendrite  left  branch*  : boo lean) 

(supdate-aplcal -1  'Modify  it?*  : boo lean) 

( *totel -apical -2 -segaents  "How  aany  apical  dendrite  right  branch  segaents?  *  -.nutter) 
(sincluda-aplcal-2  ‘Include  apical  dendrite  right  branch*  : boolean) 

(«update-aplce)-2  ‘Modify  it?*  : bool tan) 

(stotal -basal -segaents  "How  aany  basal  dendrite  segaents?  *  :nuaber) 

(slnclude-basal  ‘Include  basal  dendrite*  iboolaan) 

(supdete-basal  ‘Modify  it?*  .-boolean) 

mm 

*  -  DENDRITE  CHARACTERISTICS  — * 

mm 

(•aodl fy-den dr Ite-pass Ive-coaponents  ‘Modify  dendrite  passive  coaponents*  : boo lean) 
(saodlfy-dendrlte-stlaulus  ‘Modify  the  dendrite  current  stlaulus*  : boo lean) 
(sModlfy-dendrlte-synapse  ‘Modify  the  dendrite  synapse*  .-boolean) 

(aeMdlfy-dendrlte-currants  ‘Modify  the  currents  of  the  aodlfled  dendrites*  : bool can) 

**) 

Mabel  •  sss  SETTING  UP  THE  DENORITES  »*»  *) 

(set-dcndrl te-segaen ts-and- flags) 

(cond -every 

( supdate-aplcal -1  (aset  stota 1-aplca 1 - 1 -segaents  APICAL- 1-DENORITE  0  tota  1  -segaentsS) 
(aenu-for-dendrlte-geoaatry  APICAL-1 -DENORITE) 

(If  saodlfy-dendrlte-currants 

(aenu- for- dendrite-currents  APICAL-1 -DENDRITE) ) ) 

(supdate-aplcal -2  (aset  stotal -apical -2-ssgaants  APICAL-2-DEN0RITE  0  total -segaentsS) 
(aenu-for-dendrlte-geoaetry  APICAL -2 -DENDRITE) 

(If  saodl fy-den dr Its- currents 

(aenu-for-dendrl te-currents  APICAL-2-DENDRITE) ) ) 

(supdate-aplcal -theft  (aset  stotal -apical -shaft-sagaenta  APICAL-SHAFT -DENDRITE  0  tota) -segaentsS) 
(aenu-for-dendrlte-geoaetry  APICAL-SMAFT-DENORITE) 

(If  »aod1  fy-den  dr  lu-currants 

(aenu-for-dendrlta-currentt  APICAL-SHAFT -DENDRITE ) ) ) 

( supdate-basal  (aset  total -basal -segaents  SASAL-DENORITE  0  total -segaentsS) 
(aenu-for-dendrlte-geoaetry  IASAL- DENDRITE) 

(If  modify- den  dr  Its -cur  rents 

(aenu-for-dendrl te-currents  IASAL-DEMDRITE) ) ) 

( »aod1 fy-den dr Ite-pass Ive-coaponents  (aenu -for -dendrite- passive- coaponents) ) 
(snodlfy-dendrlte-stlaulus  (aenu-for-dendrlte-stlaulus)) 

(sModlfy-dendrlte-synapse  (aenu-for-dendrl ta-synapse)))) 

:::  SST-DSNOUTZ-SSOONTS-AND-nAGS 
(defun  set- dendrite -segaents -and- flags  () 

(aset  stotal -apl cel -1 -segaents  APICAL-1 -OENORITE  0  total -segaentsS) 

(aset  stoUl-aplcel-2-segaents  APICAL-2-DENDRITE  0  total -segaentsS) 

(aset  stotal -apical -shaft-segaents  APICAL -SHAFT -DENDRITE  0  total -segaentsS) 

(aset  stotal -basal -segaents  IA3AL-DCN0RITE  0  total -segaentsS) 

(If  sinclude-aplcal-shaft  (aset  t  APICAL -SHAFT- OENORITE  •  tnclude-aeS) 

(aset  nil  APICAL-SMAFT-DENORITE  0  Include-aeS) ) 

(If  sinclude-aplcal-1  (aset  t  APICAL-1 -OENORITE  •  Include-aeS) 

(aset  nil  APICAL-1 -OENORITE  0  Include-aeS)) 

(If  sinclude-apleal-2  (aset  t  APICAL-2-DENDRITE  S  Include-aeS) 

(aset  nil  APICAL-2-DEN0RITE  0  Include-aeS)) 

(If  slnclude-basal  (aset  t  RASAL-DE NORITE  0  Include-aeS) 

(aset  nil  SASAL- OENORITE  0  Include-aeS))) 

INITIALIZE- DEN DPITES  hUttdtiu  tto  Ungth  out  Hantttr  cf  tto  dendrite  rngmsut.  end  sets  tto  N*  and  Ca 
;;;  currant  to  NIL 
(defun  Initial ize-dendrltas  () 

(aset  ’left  apical  branch’  APICAL- 1 -OENORITE  t  labels) 

(aset  ‘right  apical  branch*  APICAL-2-DEN0RITE  0  labels) 

(aset  ‘apical  shaft*  APICAL-SHAFT-DENORITE  •  labels) 

(aset  ’basal  branch*  IA3AL-OENOR1TE  0  labels) 

(aset  10  APICAL-1 -OENORITE  0  total -segaentsS) 

(aset  «  APICAL-2-0E NORITE  0  total -segaentsS) 

(aset  S  APICAL-SHAFT-DENORITE  0  total -segaentsS)  ;  Dcfmlt  •  pot  S  ^fcaf  mptsaatt. 

(aset  10  IASAL-DE NORITE  0  toUl -segaenuS) 
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(•set  t  APICAL-SHAFT -DENDRITE  0  1nclude-MS> 

(•set  nil  APICAL- l-OEWAITE  0  Include-Mt) 

(•set  nil  APICAL-2-0EN0RITE  0  Include-Mt) 

(•set  nil  8ASAL-OENOAITE  0  Include-Mt) 

(dollst  (OENORITE-ARRAY  (list  SASAL-OENMITE  APICAL-SNAFT-OENDRITE  APICAL- T-OENMITE  APICAL- 2-OENORITE)) 
(If  (aref  DENDRITE- ARRAY  0  Include-Mt) 

(do  ((segMnt  0  (Incf  segMnt))) 

((■  segMnt  SO))  :  Xtt  m  up  for  SO  ttgmttut  tn  aacA  cuMa  bj  dtfmlt. 

(■set  240.0  OE WRITE-ARRAY  segMnt  lengths)  : 

(•set  12.0  DENORITE-ARRAY  segMnt  dlMetert)  ; 

(•set  nil  DENDRITE -ARRAY  segMnt  Include-nat) 

(•set  nil  DENORITE-ARRAV  segMnt  Include-cat))))) 


(defvar  snew-plot-polnts) 

(defver  snow- Include- kinetics  nil) 

(defver  schange- plot-points  nil) 

(defvar  sen angt- currents  nil) 

(defver  schange- Include- kinetics  nil) 

(defvar  steady) 

;;;  MENU- FOX-SIMULATION Stiuf  tht  otrdl  simulation  peneuaferj. 

(derun  Mnu-for-slaulatlon  () 

(setq  steady  (If  scalculata-steady-state  'Re-calculate*  'Old  value*) 
snew-plot-polnts  splot-points 
snow- Include- kinetics  slnclude-klnetlcs) 

( tv :choose-var table- values 

’((steady  'Calculate  staady  state?*  : choose  ('Ra-calculate*  'Old  value*)) 

(snow-lnclude-klnetlcs  'Interested  In  kinetics?*  t boo lean) 

(snew-plot-polnts  'Nueber  of  points  to  plot  (if  ft-claap  will  be  run.  then  enter  2048)  -  *  : Integer) 

(sdt  'Set  stlM  step  [m]'  : nueber) 

(sduratlon  'Length  of  sleulatlon  (m]'  : nueber) 

(splot-results  'Plot  results?*  : boo lean) 

(sover)ay-sleulatlons  'Plot  over  previous  date?*  : boolean) 

(sepal Ion  'Convergence  criteria  In  pred/corr*  :nuabar) 

(se-holdlng  'Holding  voltage  for  Initialisation  [ev]'  : nueber)) 

*s label  'Setting  up  stleulus  conditions  for  claup*) 

(setq  *ca leu la to- steady- state  (if  (equal  'Ra-calculate*  ataady)  T  nil) 
splot-step  (//  (flxr  (//  sduratlon  sdt))  snew-plot-polnts) 

>change-p)ot-po1nts  (neq  snew-plot-polnts  splot-potnts) 
splot-points  snew-plot-polnts 

schange- Include-klnetlcs  (and  snow-lnclude-klnetlcs  (not  slnclude-klnetlcs))  .•ce&> mt *cA«tfr-fsdada-Afactf 
cs 

.if  Uut  Urn*  •tmchidt-banlcs  was  atf  mrf  mm  It  li  at? 
slnclude-klnetlcs  snow- Include- kinetics  )) 


(defvar  slength) 

(defvar  sdlaMter) 

MXNU-FOX-DSNDXITS-CXOMSTXr  Sttupth*  ftemttry  cempommi  of  tin  mmmtutB 
(defun  Mnu-for-dendrlte-geoMtry  ( DENDRITE- ARRAY ) 

(let  ((total -segments  (aref  OENORITE-ARRAY  0  total-seguentsS))(11stl)(11st2)) 
(setq  llstl  (forMt  nil  *Oo  all  the  -2d  -A  seguents  have  the  ssm  geoMtry?* 
total -segMnts  (aref  OENORITE-ARRAY  0  labels))) 

( tv: choose- variable- values 
’((ssegMnts-all-the-saM  .llstl  ibooleen))) 

(cond  ( ssegMnts-al  1- the -ssm 

(setq  slength  (aref  OENORITE-AARAY  0  lengths) 

sdlaMter  (aref  D€ NORITE-ARRAY  g  dimeters)) 
(tv:choose-varlab1e-values 


’((slength  'Length  of  sages nt  [ulcroMters]*  :  nueber) 

(sdlaMter  'OlaMter  of  segMnt  [ulcroMters]*  tnueber))) 

(do  ((segeent  0  (incf  segMnt))) 

((s  segMnt  totel-sigeants)) 

(•set  slength  DENORITE-ARRAV  segMnt  lengths) 

(•set  SdlaMter  OENORITE-ARRAY  segMnt  dtaMterS))) 

(t 

(do  ((segMnt  •  (incf  segMnt))) 

((•  segMnt  total -segMnts ) ) 

(setq  slength  (eref  DENORITE-ARRAV  segMnt  lengths)  sdlaMter  (aref  OENORITE-ARRAY 
llstl  ( forMt  nil  'Length  of  -A  segeant-2d  [ulcroMters]  • 

(aref  dendrite-array  0  labels)  (•  1  segMnt)) 

11st2  (forMt  nil  'DlaMter  of  -A  segeent-2d  [ulcroMters]  * 

(eref  DENORITE-ARRAV  0  labels)  (♦  1  segMnt))) 

( tv :  choose- variable-values 


’((■length  .llstl  : nueber) 

(sdluaeter  ,11st2  mother))) 

(aset  slength  DENORITE-ARRAV  segMnt  length!) 

(•set  SdlaMter  OEWRITE-AARAV  aegMnt  dlaMterS))))) 
(update-dendrite  DENORITE-ARRAV) ) 


sequent  dimeter!) 


:::  MXNU-FOX-DKNDXITX-FASSIVt-COMfONINIS 
(defun  uenu-for-dendrlte-passlve-couponents  () 
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( tv: choose-varlable- values 

' ( ( *«xonal -cap-ne*  'axon  aaabrana  capacitance  [alcroferada/sq-ca]  *  tnuaber) 

( •axooal-r-aaa  *axen  aaabrane  raslitanca  [oha-ca-ca]  *  :nuab«r) 

<*axonal-r-1nt  ’axon  axoplasa  resistance  [oha-ca]  *  (duaber) 

(*capd-aea  ‘dendrite  aaabrana  capacitance  [alcrofarads/sq-ca]  *  tnuabar) 

! <rd-aea  ‘dendrite  aaabrana  resistance  [oha-ca-ca]  *  :nuaber) 

(*rd-1nt  ‘dendrite  axoplasa  resistance  [oha-ca]  *  .nuaber) 

(»ed-l  ‘dendritic  leak  potential  [av]  *  :nuaber) 

(tplot-voltages-solld  ‘Plot  all  the  voltages  In  solid  lines*  :boo1ean)> 

':1abc1  ‘Passive  Properties  of  dendrite  Segaents*) 

(dollst  (DENMITE-AAAAY  (list  OASAL-OENMITE  APICAL-SHAFT  •DENDRITE  APICAL-  1-OENMITE  APICAL-2-DENMITE) ) 
(If  (aref  DENMITE-AAAAY  0  Include-aa!) 

(do  ((segaent  0  (Incf  segaent))) 

((•  segaent  (aref  DENMITE-AAAAY  0  total -segaentst))) 

(update-dendrite  DENMITE-AAAAY))))) 


:::  UfDATE-DSNDIUTE  Ufdtstt  dndritt  Bntctun  btfora  rue  witk  mrm  parwntttrt. 

(defun  update-dendrite  (DENMITE-AAAAY) 

(let  ((total -segaents  (aref  DENMITE-AAAAY  0  total -segaentsS)) 

(rttoaa  (If  (eg  DENMITE-AAAAY  ‘SASAL-DENMITE* )  erd-aaa  erd-aea)) 

(rdlnt  (If  (eg  DENMITE-AAAAY  ‘SASAL-DENMITE')  trd-lnt  *rd-1nt)) 

(capdaaa  (If  (eg  DENMITE-AAAAY  " SASAL-DENMITE* )  (axonal -cap-aaa  tcapd-aaa))) 
(do  ((segaent  0  (Incf  segaent))) 

((*  segaent  total -segaents)) 

(aset  (//  ((  (aref  DENMITE-AAAAY  segaent  length!)  3. HISS 
(aref  DENMITE-AAAAY  segaent  dlNKterS) 

I.Oe-2) 

rdnea) 

DENMITE-AAAAY  segaent 
g- leak!) 

(aset  (e  (aref  DENMITE-AAAAY  segaent  length!)  3.H150 
(aref  DENMITE-AAAAY  segaent  disaster!) 
capdaea  I.Oe-S) 

DENMITE-AAAAY  segaent  capacitance!) 

(aset  (//  (t  3. HIM 

(s  0.5  (aref  DENMITE-AAAAY  segaent  disaster!)) 

(e  0.5  (aref  DENMITE-AAAAY  segaent  disaster!)) 

100.0) 

(«  rdlnt 

(aref  DENMITE-AAAAY  segaent  length!))) 

DENMITE-AAAAY  segaent 
g-axlal!)))) 


;;;  MENU-FOk-DENDRTTE-CUMENTS Salt up aff  fAc  dendrite  atrmti  for  lh» currant  run. 

(defun  aenu-for-dendrlte-currents  (DENMITE-AAAAY) 

(1st  ((total -segaents  (aref  DENMITE-AAAAY  0  total-segaents!))) 

(do  ((segaent  0  (Incf  segaent))) 

<(•  segaent  total-segaents)) 

(let  (dlstl  (list  (list  'Na  *Na  current  In  this  segaent* 

(list  (list  include  (eref  DENMITE-AAAAY  segaent  1nclude-na!))  :aod1fy>) 
(list  *Ca  *Ce  current  In  this  segaent* 

(list  (list  : Include  (aref  DENMITE-AAAAY  segaent  Include-ca!))  .aodlfy))))) 
(let  ((result  (tv:ault1ple-choose 

(foraat  nil  ‘Currents  In  -A  dendrite  segaent-2d*  (aref  DENMITE-AAAAY  0  label!) 
(♦  1  segaent)) 

list! 

'((.-Include  ‘Include*  nil  nil  nil  (saodlfy)) 

( : aodlfy  ‘Nodlfy*  (: Include)  nil))))) 

(loop  for  Itaa  In  result 

do  (progn  (If  (not  (aeag  (Include  Itaa)) 

(selectg  (car  itaa) 

(Na  (aset  nil  DENMITE-AAAAY  segaent  Inelude-na!)) 

(Ca  (aset  nil  OENOAITE-AAAAV  segaent  Include -Ca!)))) 

(if  (aeag  :aod1fy  Itaa) 

(CAT  ftM) 

(Na  (nenu- for -Ned- currant  DENMITE-AAAAY  segaent)) 

(Ca  (aanu-for-Cad-currant  DENMITE-AAAAY  segaent)))) 

(If  (aeag  (Include  Itaa) 

(selectg  (car  Itaa) 

(Na  (aset  t  DENMITE-AAAAY  segaent  1nclude-na$) ) 

(Ca  (aset  t  DENMITE-AAAAY  segaent  1nclude-Ca!)))))))»>) 


;;;  HSNU-rOM-SOHA-CUHUNTS  Salt  uftBthttma  eurrtntt  far  tht  carreer  rua. 

(defun  aenu- for- sons- currents  () 

(let  ((flag  nil) 

(list!  (list  (list  'Hal  ‘Hal  (trigger  autha)  current*  (list  (list  (Include  «1nclude-nal )  modify)) 
(list  'Ne2  *Na2  (sloe  uil)  current*  (list  (list  (Include  sinclude-na2)  (aodlfy)) 
(list  'Nal  *Na3  (repetitive)  current*  (list  (list  (Include  sinc1ude-na3)  (aodlfy)) 
(list  'nap  ‘Nap  current*  (list  (list  (Include  sinclude-nap)  (aodlfy)) 
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*Ca  currant*  (list  (Hat  (Include  ainclude-ca)  taodify)) 

■Slow  Ca  currant*  (list  (Hat  (Include  «lncluda-caa)  :aodtfy)) 
*M  current*  (Hat  (Hat  (Include  ainclude-dr)  (aodtfy)) 

•C  current*  (Hat  (Hat  (Include  *1nclude-c)  (bodlfy)) 

■Ahp  current*  (Hat  (Hat  (Include  ainclude-ahp)  .-aod(fy)) 

*H  current*  (Hat  (Hat  (Include  ainclude-e)  [Bodlfy)) 

•Q  current*  (Hat  (Hat  (Include  *1nclude-q)  :aod1fy)) 

A  current*  (Hat  (Hat  (Include  «1nclude-a)  -.modify))))) 


(Hat  ’ca 
(Hat  'caa 
(Hat  ’dr 
(list  *e 
(Hat  ’ahp 
(Hat  ’a 
(Hat  ’q 
(list  'a 

(let  ((reault  itv(aultiple-choose  'Pyraaldal  Currenta* 

Hatl 

’(((Include  ‘Include*  nil  nil  nil  ((aodtfy)) 

,,  ,  .  ,  ((aodlfy  ‘Hodlfy*  ((include)  nil))))) 

(loop  for  Itaa  in  reault 

do  (progn  (If  (not  (aaaq  (include  Iteal) 

(aelectq  (car  itaa) 

(Nai  (aetq  «include-nal  nil)) 

(Na2  (aetq  <1nc1ude*na2  nil)) 

(Na3  (aetq  *lnclude*na3  nil)) 

(Nap  (aetq  <1nclude-nap  nil)) 

(Ca  (aatq  Hnclude-Ca  nil)) 

(Caa  (aetq  ainclude-Cas  nil)) 

(K  (aetq  atnclude-k  nil)) 

(M  (aetq  *1nclude-M  nil)) 

(C  (aetq  *1nclude>C  nil)) 

(AHP  (aetq  ainclude-AHP  nil)) 

(H  (aetq  ainclude-H  nil)) 

(Q  (aetq  >(nc)ude-Q  nil)) 

(A  (aatq  ainclude-A  nit)))) 

(If  (aeaq  saodlfy  Itaa) 

(aelectq  (car  Itaa) 

(Nai  (and  (aetq  flag  t  anal-aod  t)<oemi-for-Na-current))) 

(Na2  (and  (aetq  flag  t  *na2-aod  t)(aenu-for-Na*current))) 

(Na3  (and  (aatq  flag  t  «na3-aod  tl(aenu-for-Na-current))) 

(Nap  (and  (aetq  flag  t  anap-aod  t ) ( aenu - f or-Nap-curren t ) ) ) 

(Ca  (and  (aetq  flag  t  *ca-aod  t)(acnu-for-Ca-current) ) ) 

(ON  (and  (aatq  flag  t  adr-aod  tXaanu-for-M-current))> 

(C  (and  (aetq  flag  t  *c-aod  t)(aenu-for-C-current))) 

(AHP  (and  (aetq  flag  t  *ahp-aod  tXWiu-for-AHP-current) )) 

(Q  (and  (aetq  flag  t  sq-aod  tXaenu-for-Q-current))) 

(A  (and  (aetq  flag  t  M-aod  t)(aenu-for-A-current))))) 

(If  (aeaq  (Include  (tea) 

(aelectq  (car  Itaa) 

(Nai  (aetq  *1nclude-nai  T)) 

(Na2  (aetq  ainclude-na2  T)) 

(Na3  (set q  ainclude-naS  T>> 

(Nap  (aetq  *1nc1ude-nep  T>)  (Ca  (aatq  ainciude-Ca  T)) 

(Caa  (aetq  *1nclude-Cas  T)> 

]>>  <«*  <»«0  »lnclude-ON  T)>  (C  (aetq  *1nclude-C  T)) 
(ahp  (aetq  atnclude-ANP  T)) 

(N  (aetq  *1nclude-H  T)) 

(Q  (aetq  *1nc1ude-Q  T)) 

(A  (aetq  ainclude-A  T) ) ) ) ) ) ) 

(eond  (flag  (var1able-array-aetup)(print  ‘Updated  current  kinetics*))) 

(update-gbars))) 


(defun  update-gbara  () 

(aaet  (gbar-na  1  (surf-area  *soaa-radlus))  SOM  gbar-naU) 

(aaet  (gbar-na  2  (aurf-area  asoae-radlus))  SOW  gbar-naZS) 

(aaet  (gbar-na  3  (aurf-area  asoaa-radlus))  SOM  gbar-naSS) 

(aaet  (a  sqtan-g-32  (gbar-ca  (aurf-area  noaa-radlua) ))  SOM  gbar-cai) 
(aaet  agbar-cea  SOM  gbar-cast) 

(aaet  (a  aqten-g-30  agbar-a)  SOM  gbar-aS) 

(aaet  agbar-ahp  SOM  gbar-abpt) 

(aaet  agbar-a  SOM  gbar-aS) 

(eaet  agbar-c  SOM  gber-cS) 

(aaet  (a  aqten-g-so  agber-dr)  SOM  gbar-drt) 

(aaet  agbar-q  SOM  gbar-qS)) 


(defvir  av)  _ 

•”  y'SS7vr  '*»  lUt/tts  for  tfdmtt)  tht  amt  mitUt  vrtyt  fa  tkt  mrrtm  Am  mt 

(defun  variable-array-setup  () 

(do  ((voltage  -100.0  (•  voltage  0.1)) 

(1  0  (♦  1  1))) 

((■  1900  1)) 

(aetq  av  voltage) 

(aaet  voltage  voltage-array  1) 
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(cond-every  ((or  supdate-all -kinetics  snal-aod) 

(sate  M-o-nd  (s-n-ns  1  voltage)  *b-a-ne1  (b-a-na  1  voltage) 

M-h-nsI  (a-h-na  1  voltage)  sp-h-nai  (b-h-na  1  voltage)) 

(asat  (a-ne-lnf  1)  a-nai-lnf-erray  1) 

(asat  (h-na-lnf  1)  h-nal-lnf-arrey  1) 

(aaet  (t-a-na  1)  t-n-nsl-srrty  1) 

(asat  (t-h-na  1)  t-b-nal-array  11) 

((or  supdate-ell-klnetlcs  sna2-aod) 

(setq  «a-a-na2  (a-a-na  Z  voltage)  *b-a-na2  (b-a-na  z  voltage) 

**-h-n*2  (a-h-na  2  voltage)  <b-h-naZ  (b-h-na  2  voltage)) 

(asat  (a-na-lnf  2)  a-naz- inf-array  1) 

(aset  (h-na-lnf  2)  h-na2- Inf-array  1) 

(aset  (t-a-na  2)  t-a-na2-array  1) 

(aset  (t-h-na  2)  t-h-na2-array  ()) 

((or  supdate-all-kinetics  «na3-aod) 

(setq  «a-a-na3  (a-a-na  3  voltage)  <b-a-na3  (b-a-na  3  voltage) 
sa-h-na3  (a-h-na  3  voltage)  «b-h-na3  (b-h-na  3  voltage)) 

(asat  (a-na-(nf  3)  a-na3-(nf-array  1) 

(asat  (h-na-lnf  3)  h-na3- inf-array  1) 

(aset  (t-a-na  3)  t-a-na3-array  1) 

(aset  (t-h-na  3)  t-h-na3-array  1)) 

((or  (update- al 1 -kinetics  «nap-aod) 

(aset  (x-nep-lnf  voltage)  x-nap-1nf-array  1) 

(aset  (t-x-nap  voltage)  t-x-nap-array  1 )) 

((or  supdata-all-klnatlcs  «ca-aod) 

(asat  (s-ca-1nf  voltage)  i-cs- Inf -array  1) 

(aset  (w-ca-lnf  voltage)  w-ca-lnf-array  1 ) 

(aset  (t-s-ea  voltage)  t-s-ca-array  1) 

(asat  (t-w-ca  voltage)  t-w-ea-array  1 )) 

((or  *updata-al 1 -kina tics  scas-nod) 

(aset  (x-cas-lnf  voltage)  x-eas-1nf-array  1) 

(asat  (t-x-cas  voltage)  t-x-cas-array  1)) 

((or  «updata-all -kinetics  sa-aod) 

(aset  (x-a-1nf  voltage)  x-a-lnf-array  1) 

(aset  (y-a-1nf  voltage)  y-a-inf-array  4) 

(aset  (t-x-a  voltage)  t-x-a-array  4) 

(aset  (t-y-a  voltage)  t-y-a-a rray  1 )) 

((or  supdata-all-klnatlcs  sahp-aod) 

(asat  (z-ahp-lnf  voltage)  z-ahp-1nf-»rr*y  1) 

(aset  (t-z-ahp  voltage)  t-z-ahp-array  1) 

(aset  (y-abp-lnf  voltage)  y-ahp- Inf -array  1) 

(asat  (t-y-ahp  voltage)  t-y-ahp-array  D) 

((or  supdata-all-klnatlcs  sc-aod) 

(asat  (x-c-lnf  voltage)  x-c-lnf-array  1) 

(aset  (y-c-lnf  voltage)  y-c-lnf-array  1) 

(asat  (t-x-c  voltage)  t-x-c-a rray  1) 

(aset  (t-y-c  voltage)  t-y-c-array  1)) 

((or  supdata-all-klnatlcs  sdr-aod) 

(asat  (x-dr-lnf  voltage)  x-dr- Inf -array  1) 

(asat  (y-dr-lnf  voltage)  y-dr-lnf-arrey  4) 

(asat  (t-x-dr  voltage)  t-x-dr-array  1) 

(asat  (t-y-dr  voltage)  t-y-dr-array  1)) 

((or  >update-all-k1net1cs  ws-uod) 

(asat  (x-a-lnf  voltage)  x-o-1nf-arrey  1) 

(aset  (t-x-a  voltage)  t-x-a-array  4)) 

((or  supdate-all -kinetics  sg-aod) 

(asat  (x-g-1nf  voltage)  x-g-1nf-array  1) 

(asat  (t-x-g  voltage)  t-x-g-arrey  1)))) 

(satg  snal-aod  nil  sna2-aod  nil  sna3-aod  nil  snap-aod  nil  sca-aod  nil  scas-aod  nil  sc-aod  nil 
sdr-aod  nil  sanaod  nil  sg.aod  nil  sa-aod  nil  sahp-aod  nil)) 

:;,*(•  1000  (flxr  (s  io  voltage))) 

(dafvar  comd) 

:::  tam-FOK-SOUAVOLTjtGX-STIMULUS 

(da fun  aanu-for-soaa-voltage-itlaulus  () 

(satg  rnaaind  (If  (•  1  «vc1aap-coaaand-flag)  ’Coaaand  array*  'Entered  stags*)) 

( tv : choose- variable- values 

•((coaaand  *Vo1tage  claap  by  *  ichooaa  (‘Coaaand  array*  *Entered  stags*)) 

(svottago-coanands  ’Enter  naas  of  voltage  coMand  array  •*  i aval-fora) 

( *v1  -Stag  1  aaplltuda  (av)*  tnuabar) 

(st-stla-i  *  For  how  long  [aa]*  muabar) 

(»v2  ‘Step  2  aaplltude  [av]*  muabar) 

(*t-st1a-2  *  For  how  long  [aa]*  muabtr) 

(sva  'Stag  3  aaglltude  [av]*  mu*er) 

(st-stla-1  «  For  how  long  [as]*  "water ) 

(»va  'Stag  a  aaglltada  [av]*  inuaber) 

(•t-stla-a  *  For  how  long  [as]*  i  mater ) 

(»vS  'Stag  5  aaglltude  [av]*  .-mater) 

(adoration  'For  hew  long  (this  will  change  the  duration  of  the  simulation)  [as]*  muabar)) 
Mabel  'Setting  Ug  Voltage  Claap*) 

(satg  *vc!aap-coMand-f)ag  (If  (equal  eomnd  'Coaaand  array*)  1  {))) 
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;;;  MENU-FOX-SOUA-CVMXNT-STUtUWS  S*U  Ik*  atrrtta  alMabtt  to  tk*  tom a. 

(da  fun  oenu-for-soaa-current-st1oulu»  () 

(setq  coaaand  (If  (•  1  aiclaap-eoaaand-flag)  "Coaaand  array*  ‘Entered  step**)) 
(tvichoose-varlable- values 

'(( ‘include- sons -current  *Do  you  want  currant  Injected  Into  the  *oew?"  :  boo  lean) 

(coaaand  ’Currant  claap  by  *  ichoose  CCoabend  array*  ’Entarad  steps*)) 

( eeurrent-eooaend*  'Enter  none  of  currant  coaaand  array  •*  : aval -fora) 

(*l-stln-i  ‘Step  1  amplitude  [na]*  inuaber) 

(*t-st1a-1  *  For  how  long  [as]*  inuaber) 

(»1-st1a-2  ’Step  2  aaplttudc  [na]*  :nuaber) 

(*t-stln-2  *  For  how  long  [as]*  inuaber) 

(*1-st1a-3  ’Step  3  aaplttude  [na]*  :nuaber) 

(*t-stla-3  *  For  how  long  [as]*  snuaPer) 

(ai-stia-a  ‘Step  a  aaplttuda  [na]*  -.nuaber) 

(at-stta-s  *  For  how  long  [as]*  inuaber) 

(*4-st1a-5  ‘Stop  S  aaplltuda  [na]  *  .nuaber) 

(aduratlon  *For  how  long  (this  will  change  the  duration  of  the  s1au!at1on)[as]*  inuaber)) 
label  ‘Setting  Up  Current  Claap*) 

(setq  siclaap- coaaand- flag  (If  (equal  coMand  ‘Coaaand  array*)  1  2))) 


HSNU-KK.-DENDMITS~STltfUlXrS S*tt  tk*  current  ttlmuhu  to ik*  dendrite  end tk*  mgm***  that  it  to  b*  in)ta*d. 
(dafun  nenu-for-dendrlte-stlaulus  () 

(tvichoosa* variable- values 

’((slnclude-dendrlte-current  *0o  you  want  currant  Injected  Into  the  apical  dendrite  shaftf*  : boolean) 
(astla-seg  ‘Sagaent  to  Inject  current  Into  -  *  inuaber) 

(«l-den-stla-i  ‘Step  l  aaplltude  [na]*  inuaber) 

(at-den-stla-l  *  For  hew  long  [as]*  inuaber) 

(al-dan-stla-2  ‘Step  2  aaplltude  [na]*  muabar) 

(at-den-stia-2  *  For  hew  long  [as]*  inuaber) 

(*1-den-stla-3  ‘Step  3  aaplltude  [na]*  inuaber) 

( st-den-stla-3  *  For  how  long  [as]*  -.nuaber) 

(si-den-stla-e  ‘Step  «  aaplltude  [na]*  inuaber) 

(*t-dan-st1a-4  *  For  how  long  [as]*  inuaber) 

(al-den-stla-5  ‘Step  S  aaplltude  [na]*  iniartier) 

(*t-dan-stla-9  *  For  how  long  [as]*  inuaber) 

(sl-den-stla-6  'Stop  •  aaplltude  [na]*  snubber) 

(st-dan-stla-S  *  For  how  long  [as]*  inuaber) 

(sl-den-stla-7  'Stop  7  aaplltude  [naj*  mibbar) 

(■t-dan-stla-7  *  For  how  long  [as]'  inuaber) 

(sl-den-stla-8  'Step  8  aaplltude  [na]*  imager) 

(n-den-stla-a  *  For  how  long  [as]*  iMbtr) 

(*1-den-stla-B  ‘Stop  9  aaplltuda  [na]*  inuaber) 

(st-den-stla-B  *  For  how  tong  [at]*  inuaber) 

(■1-den-stla-ig  'Step  Id  aaplltude  [na]*  inuaber) 

(•duration  'For  how  long  (this  will  Change  the  duration  of  tha  s1aulat1on)[ns]*  inuaber))) 

(setq  scurrent-stiaulus-segaent  (•  Mtla-ieg  l ) ) ) 

;;;  USNU-POM-DXNDUm-SYNAKIStUtk*  dfk*  fitacllo*  for  tk*  dendrite  <ya*ar. 

(defun  aenu-for-dendrlte-synapse  () 

( tv : choose- variable- values 

'((slnclude-dendrlte-synapse  *0o  you  want  a  synapse  on  the  left  apical  dendrite  branch?*  : boolean) 

( tdendr  1  te  -  synapse  -  teu  ‘Dendrite  alpha  synapse  tlac  constant  [as]  *  -.nuaber) 
(edendrlta-synapse-aaplltude  ’Dendrite  synapse  aaplltude  [alcro-S]  *  inuaber) 

( esyn-seg  "Sequent  with  synapse  -  ■  inuaber) 

(estart-dendrlte-synapse  ‘Start  the  synapse  conductance  [as]  *  inuaber) 
ilabel  ’Setting  up  synapse  Input  Into  sagaent  ID*)) 

(setq  asynapse-segaant  (•  *ayn-sag  1)) 

(set- up- synapse  DENMITE-SYNAFSE  sdendrlte-synapse-tau  >den  dr  Its -synapse -aaplltude)) 

ktENU-FOXSOHA-SYNAKX  S*tt  tk*  dfk*  fit  actio*  /hr  tk*  tem* 

(defun  aanu-for-soaa-synapse  () 

(tv i choose- variable- values 

' ( ( •tnclude-soaa-synapse  *Do  you  want  a  soaa  synapse T*  ■ boo loan) 

( *soua • synapse- tau  *Soaa  alpha  synapse  tlae  constant  [as]  *  inuaber) 

(■soaa-synapse-aaplltude  *Soae  synapse  aaplltude  [nlcro-S]  ■  inuaber) 

(esurt-soae-synapse  ‘Start  the  synapse  conductance  [as]  ■  inuaber) 
ilabel  ‘Setting  up  synapse  Input  Into  soaa.*)) 

(set-up -synapse  SOMA-SYNAPSE  as oaa- synapse -tau  tsoaa-synapea-aaplltads)) 


:::  SSTSOHA-VOLTACE-STIMULUS  S*t  uf  tk*  *dt*t*  dm p. 

(defun  set-soaa-voltaga-stlaulus  (tlaa-stap) 

(setq  aclaap-voltage  (If  (■  1  evclaap-coMand-flag) 

(araf  avo)taga-co— ad«  atlaa-stap) 

(cond  ((•  tlaa-stap  0)  avl) 

((*  tlaa-stap  (flier  (//  at-stla-1  adt)>)  *v2) 
((•  tlaa-stap  (flxr  (//  at-stfa-2  sdt)))  *v3) 
((•  tlaa-stap  (flxr  (//  et-stla-3  «dt)))  «v4) 
((•  tlaa-stap  (flxr  (//  at-stla-4  adt)))  avS) 
(T  aclaap-voltage))))) 
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:::  SSTSOMA<UUtS/tT-STUtVLVS  Set  ap  the  tnjacud  aurtnt  te  the  seme.  If  my. 

(da fun  iat-ioaa-current-ittaului  () 

;  (let  ((ttaa  (•  *tlM  nlne-for-iteady-itata) ) ) 

(tat  ((tint  (-  *tlM  0.0))) 

(if  *lnc1ude-iona- current 

(aetq  *1-ittn  (If  (■  1  «1c)—p-rif  and- flag) 

(•ref  *current-coe«and*  tttM-atap) 

(corn)  ((<  ttM  et-atlo-t)  at-stlo-1) 

((<  ttM  xt-atla-Z)  el-atlo-Z) 

((<  tlM  at-atla-3)  et-atto-3) 

((<  ttM  et-atta-4)  et-atta-4) 

(t  *1-it1n-5)))l 

(satq  et-attn  0.0)))) 

;;;  SET-DSJtDKITT-CUKXENT-STIMULUS  Sat  up  th»  Infected  cerrem  10  tkt  dandrtta  ,  If  my. 

(defun  iat-dendrl te-current-itlnului  () 

(let  ((ttM  (-  *tlM  *ttM- for-eteedy-etate) ) ) 

(tf  * Include- dendrite- current 

(eetq  *1-den-stte  (cond  ((<  ttM  *t-dan-it1n-1 )  *1-den-it1n-l ) 

((<  ttM  *t-den-at1a-Z)  *t-den-ette-2) 

(«  ttM  *t-den-it1e-3)  *1- den -it la- 3) 

((<  ttM  n-den-itta-i)  >1-den-itta-i) 

((<  ttM  it-den-ttta-5)  >1  -den-itta-S) 

((<  ttM  et-dan-atta-S)  *1-den-it1a-6) 

((<  ttM  it-den-itta-7 )  *1-den-et1o-7) 

((<  ttM  n-den-etta-8)  *t-den-etta-8) 

((<  ttM  n-den-etta-l)  *1-dan-etta-9) 

(t  *1-den-it1a-10))) 

(eetq  st-den-itta  0.0) )) ) 

:::  SET~UTSYN4KE  MU  tkt  errep  er gam  eat  with  m  dyke  fiteextem  tka  It  ml  by  tkt  ttme-etamem  mad  myUtade 
:::  ergamtait.  Tin  array  Ij  10000  dtt  long. 

(defun  sat-up-aynapsa  (array  tau  aaplttuda) 

(dottaea  (1  10000) 

(If  (<  (//  1  (-  (//  tau  *dt)))  *10.0)  (aaat  0.0  array  t) 

(•sat  (*  1  adt  aaplttuda  (exp  (//  t  (-  (//  tau  *dt)))))  array  1)))j 


:::  IHTTIAL1ZE-SOUA-VOLTAGE  Sttt  tkt  latttdseme  00 bags  10  tkt  kddtag  rdiage. 

(defun  Initial tze-ioaa-voltage  () 

(Mat  «e-ho1dtng  SOM  voltagat) 

(Mat  ea-ftatdtng  SOM  voltage-esttS) 

(aaat  *e-Hold1na  som  voltaga*aat2t)) 

;;;  UtmALtZKSOHA -  STATES  alt  dt  tkt  mm  m Hades  aader  tkt  asssemgtUa  that  tkt  mum  U  «r  tutdy  mm 
vttk  tkt  mambraat  rdtagt  *  tkt  kddlmtdtags  (•**  this  It  •e-kddtag).  Ter  eamarte.  tkt  ettitatioa  md 
:::  iaarthatitm  rariadas  art  mt  tt  tkatr  ’Inf"  rdaas  for  the  kddtag  pateatld,  tad  the  mrteattus  art  mt 
ta  O.  Omu  tka  matt  rariakUs  art  mt,  tkt  dertsadm  tftka  mtmkrtm  reUagt  ts  cdcatmted  adag  the 
:::  draUt  egaatica. 

(da fun  Inltlillze-eoM-itatM  ( ) 

(aetq  esoM-synapea-itep  0) 

(1at«  ((g-nal )(g-naZ)(g-na3) 

(g-a)(g-a)(g-dr)(g-nap)(g-ca)(g-CM)(a-ahp> 

(g-q)(g- total  )(e-eff)(left-voltage)(rTgl»t-voltage-i)(r1gl»t-vo)tage-Z) 

( thli- voltage  Xg-iMmt) 

(g-c)(g-l)(g-coupl1ng-laft)(g-eoupl1ng-rtglit-1)(g-coup11og-r1gnt-Z) 

(voltage  (araf  SOM  voltegelJH  voltage- Index  (•  IMS  (ftxr  I*  Ik  voltage))))) 

:;Hrm  mt  df  tkt  mates  to  tkatr  needy  mate  » dtt  at  tkt  keUtag  pattatfd,  mad  tkatr  darhattms  ta  0. 

::Nott  that  dt  tka  sariadas  MB  he  tattldUed  am a  If  tkatr  ratfacttm  ear  rams  km  am  hem  seeded. 

(Mat  *ce-conc-ihel  11-reit  SOM  ca-conc-aJiel  13) 

(Met  0.0  SOM  ca-conc-et<el  1-dotS) 

(Met  *ca-conc-ihe1 12-rMt  SOM  ea-conc-ahallZt) 

(Met  0.0  SOM  ca-conc-ahellZ-dotS) 

(aaat  (araf  a-nal- Inf -array  voltaga-tndax)  SOM  a-Mlt) 

(aaat  (araf  h-nal-lnf-array  voltaga-tndax)  SOM  It-aalS) 

(Met  g.g  SOM  a-nal-datS) 

(Met  0.1  SOM  h- Ml -dots)  ;Tam  Met  earrm  (Trig) 

(aaat  (araf  a-naZ- Inf -array  voltage-index)  SOM  i-M»l 
( Mat  (araf  0-aaZ-tnf- array  voltaga-tndax)  SOM  fe-aaZS) 

(Met  g.g  SOM  a-naZ-dotS) 

(Mat  g.O  SOM  tt-naZ-dotS)  :Tam  Me 2 earrm  (Tad) 

(aaat  (araf  a-na3- Inf-array  voltaga-tndax)  SOM  a-aa3S) 

(aaat  (araf  h-na3- Inf-array  voltaga-tndax)  SOM  fc-na3S) 

(Mat  g.O  SOM  a-naS-datl) 

(aaat  g.g  SOM  h-naS-dott)  ;Tam  da  f  earrmt  (May) 

(aaat  (araf  x-a-1nf-array  voltaga-tndax)  SOM  x-aS) 

(aaat  (araf  y-a-tnf-array  voltaga-tndax)  SOM  y-a$) 

(aaat  S.t  SOM  x-a-dotS) 

(aaat  g.t  SOM  y-a-dotS)  id  tarred 

(aaat  (araf  x-dr-tnf -array  voltaga-tndax)  SOM  x-drS) 

(Mat  (araf  y-dr- Inf-array  voltaga-tndax)  SOM  y-drt) 

(aaat  t.B  SOM  x-dr-doU) 
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(•set  0.0  SOMA  y-dr-dotl)  ;DK  current 

(•sat  (aref  x-o-1nf-array  voltage -Index)  SOM  x-el) 

(•set  0.0  SOM  x-a-doti)  -Marram 

(•set  (eref  z-ahp- Inf-array  voltage- Index)  SOM  z-ahpt) 

(•sat  0.0  SOM  z-ahp-dotS) 

(•sat  (araf  y-ahp- Inf -array  voltage-index)  SOM  y-ahpt) 

(•set  0.0  SOM  y-ahp- dot!) 

(•sat  (w-ahp-inf  (araf  SOM  ca-conc-shellt))  SOM  w-ahpS) 

(•set  0.0  SOM  w-ahp-dot$)  :AHP arrant 

(•set  (w-c-inf  (aref  SOM  ca-conc-shall!))  SOM  v-cl) 

(•set  0.0  SOM  w-c-doti) 

(•set  (aref  x-c-inf-arrey  voltage- Index)  SOM  x-cS) 

(•set  0.0  SOM  x-c-dot!) 

(•set  (aref  y-c-1nf-array  voltage- trvdax)  SOM  y-eS) 

(•set  0.0  SOM  y-c-doU)  ; C arrant 

(•set  (aref  x-q-1nf-erray  voltage -index)  SOM  x-qi) 

(•set  0.0  SOM  x-q-doU)  ;Q  arrant 

(•set  (aref  x-nap- Inf -array  voltage-index)  SOM  x-napS) 

(•sat  0.0  SOM  x-nap- dots)  -.Htg  arrant 

(•set  (aref  x-c«s-1nf-»rrey  voltage- Index)  SOM  x-east) 

(•set  0.0  SOM  x-cas-dotS)  ; Cat atrrtnl 

(•set  (aref  s-ca-lnf-erray  voltage- Index)  SOM  s-eaS) 

(•sat  (aref  w-ca- inf-array  voltage-index)  SOM  w-eat) 

(•set  0.0  SOM  s-ca-dotS) 

(•set  0.0  SOM  w-ca -dot*)  ;Ca  arrant 

(•set  <caps  SOM  capacitances) 

(•set  0.0  SOM  g -synapseS) 

:;Now  edatate  the  conduct  ax* s  baud  on  the  note  aar/a Me  to but.  If e  fftea  entrant  hat  bam  dltebUd, 
:;th*n  the  appropriate  conductance  it  at  10  0. 

(setqg-nal  ( If  slnclude-nal  (g-nal  (araf  SOM  gbar-na1S)(aref  SOM  e-naU)( aref  SOM  h-nalS) ) 

0.0) 

g-naZ  (If  slnclude-naZ  (g-na2  (aref  SOM  gbar-na2S)(aref  SOM e-naZSX aref  SOMh-naZS)) 

0.0) 

g-na3  (If  *1nc1ude-na3  (g-na3  (araf  SOM  gbar-na3S)(aref  SOM e-na3S)( aref  SOMh-naSS)) 

0.0) 


g-c  (If  *1nclude-c  (g-c  (araf  SOM  gbar-cS)  (araf  SOM  x-cS)  (araf  SOM  y-cS)(aref  SOM  w-cS))  O.o) 
g-ahp  (if  sinclude-ahp  (g-ahp  sgbar-abp  (aref  SOM  z-ahp!)(araf  SOM  y-ahpS)(aref  SOM  w-ahpS))  o.O) 

g-e  (If  *1nclude-e  (e  (aref  SOM  gbar-aS)  (aref  SOM  x-eS)(araf  SOM  x-a!))  0.0) 
g-a  (If  alnclude-a  (g-a  (aref  SOM  gbar-aS)  (araf  SOM  x-aS)(aref  SOM  y-aS))  0.0) 
g-dr  (If  slncludc-dr  (g-dr  (aref  SOM  gbar-drS)  (aref  SOM  x-drS)(aref  SOM  y-drS))  0.0) 
g-cas  (If  *  Include -cat  (•  (araf  SOM  gbar-casS) 

(aref  SOM  x-caaS»  0.0) 


g-ca  (If  *1ncluda-ca  (g-ca  (aref  SOM  gbar-caS)  (araf  SOM  a-caSXaraf  SOM  w-ca!))  0.0) 

g-nap  (If  *1nclude-nap  (a  (aref  SOM  gbar-napS)  (aref  SOM  x-napS))  0.0) 

g-q  (If  *1nc1ude-q  («  (aref  SOM  gbar-qt)  (aref  SOM  x-qS)(aref  SOM  x-qS))  0.0) 

g-1  (eref  SOM  g-leakS) 

g-thunt  (If  >1nclude-fhunt  eg-electrede  0.0) 

g-total  («  g-nai  g-na2  g-na3  g-a  g-nap  g-eaa  g-e  g-dr  g-c  g-ahp  g-l  g -shunt) 
e-eff  (//  (♦  («  (♦  g-nap  g-nal  g-naZ  g-na3)  «a-na) 

(a  g-cas  ae-caa)  («  g-ca  (e-ca  )) 

(*  (♦  g-a  g-e  g-c  g-ahp)  *e-k) 

(a  g-l  ae-1) 

(«  g-dr  «e-dr)) 
a- total) 

;:ffom  edentate  the  dnrtrettre  of  the  rdtapt  bated  oa  the  tteadp-ttate  tdnet  for  the  gate  rari  ablet  at 
:.tba  holding  petentid. 

left-voltage  (If  (aref  OASAl-DCICeiTE  0  Include -eat) 

(aref  SASAl-DCNDKXTE  1  voltage*) 

(■rtf  SOMA  vsItMtin 

g-coup ting- left  (If  (aref  SASAL-OO0RITC  0  Includa-naS) 

(g-parallel  (araf  IASM.-OOMITE  1  g-axlaU)  (aref  SOM  g-axlall)) 

thla-voltage  (aref  SOM  voltage!) 

rlght-woltaga-1  (if  (araf  ASICAL-SMFT-OCimm  0  Inclvde-eeS) 

(aref  AMCAL-SMFT-DCMMXTE  1  voltage!) 

(aref  SOM  voltage!)) 

g-coupllng-rlght-1  (If  (aref  AfICAL-SMFT-OCNMITE  0  Include -ne!) 

(g-perallel  (aref  APICAl-SMFT-OEWim  1  g-axlal!) 

(aref  SOM  g-exlal!)) 

0.0) 

rlght-voltage-Z  (aref  SOM  voltage!) 
g-couplIne-rlght-Z  0.0) 

it’V-DOT"  pttt  the  dortmtto  of  the  eoitapt.  Thou  non  It  to  the  tan  perm 
(eaet  (v-dot  g-coupllng-left  g-coupllng-rlght-1  g-coupllng-rlght-Z  g-total 
e-eff  left-voltage  thla-voltage  Hgnt-voltage-1  rlght-voltage-Z 
■caps  («  >1 -constant- injection  si-stla)) 
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SOMA  voltage-dot*))) 


:::  IMirLUJZI-DSNDUTX-VOLTAGSS  Sett  tkt  tnittd  dandrlu  mgmtnt  rdtagu  te  the  dendrite  leek  pmtntid. 

(defun  Initial Ize-dendrlte-voltages  () 

(dol 1st  (OCNORITE- ARRAY  (list  IASAL-DENORITE  APICAL-SHAFT •OCNORITE  APICAL* 1 •DENDRITE  APICAL-2-DCMORITE)) 
(do  ((aagaant  0  (incf  sagnent))) 

((■  aagaant  (aref  DC NORITE-ARRAY  0  total-aagaanut))) 

(asat  *ad-l  OCNORITE-ARRAY  aagaant  voltage*) 

(aset  aed-1  OCMORITE-ARRAV  aagaant  voltaga-aatl*) 

(aaat  «ad-l  DENDRITE -AARAY  aagaant  voltaga-aat2S)))) 


:::  INITlALlZE-DEHDHTt-STdTES  mtt  dl  the  amt  rarldtm  under  tkt  mmmptlen  tkm  tkt  tyatm  It  m  needy 
;;;  amt,  with  tkt  membram  rtittgm  m  tkt  ketding  rdttgt  (»om  tku  u  *td-t).  ret  txmttfU,  tkt  natrmien 
:::  mtd  tnmtamitn  mrttkim  trtmtit  tktir  “Inf^rdnm  fit  tkt  balding  potentld,  tad  tkt  dtrttmlm  art 
mt  tt  0.  Omct  tkt  amt  reritbUs  treat,  tkt  dtrttmtm  tf  tkt  mtmbrtm  rdtagu  trt  etdatlmtd udng 
tkt  deceit  etetdea. 

(da fun  inltlallze-dendrlta-etataa  () 

(dol  (at  (OCNORITE-ARRAY  (Hat  SASAL-DCNORITE  APICAL-SHAFT  •OCNORITE  APICAL- 1 -DENDRITE  APICAL- 2 -D€  NORITE  ) ) 

(lat  ((adendrlte-aynapee-etap  O)(a-eff)(g-total)(g-aa)(g-ca)(g-l) 

(1-at1a)( total -aagaanta  (araf  OEMDRITE-ARRAY  0  total-aegaanta*))) 

(If  (araf  DENDRITE-ARRAY  0  Include -net)  ;  atkt  mtt  t kit  pert  man  txiai 

(do  ((aagaant  0  (Incf  aagaant))) 

((•  aagaant  total -aagaanta)) 

(1at<  ((voltaga  (araf  OCMORITE-ARRAV  aagaant  voltagat)) 

(voltaga-lndax  {♦  1000  (flxr  (a  10  voltaga)))) 

(Ineluda-na  (araf  DENDRITE-ARRAY  aagaant  Ineluda-naS)) 

(Includa-ca  (araf  OCMORITE-ARRAV  aagaant  ineluda-caS))) 

::Ift  at trtm  for  tkt  repent  km  bttt  tedded.  tkt n  Inltldlu  Ut  amt  rtritbitt. 

(cond-avary 
( Includa-na 

(aaat  (araf  a-nal-lnf-array  voltaga-lndax)  OCMORITE-ARRAV  aagaant  a-n alt) 

(aaat  (araf  h-nal-1nf-array  voltaga-lndax)  OCMORITE-ARRAV  aagaant  h-nalt) 

(aaat  0.0  OCMORITE-ARRAV  aagaant  a-nal-dott) 

(aaat  0.0  OCMORITE-ARRAV  aagaant  h-nal-dotS)) 

( 1nc1udi*ci 

(aaat  (araf  a-ea-lnf-array  voltaga-lndax)  DENDRITE-ARRAY  aagaant  a-caS) 

(aaat  (araf  w-ea-lnf-array  voltaga-lndax)  OENORITC-ARRAY  aagaant  w-cat) 

(aaat  0.0  OCMORITE-ARRAV  aagaant  a-ca-dotS) 

(aaat  0.0  DENDRITE -ARRAY  aagaant  w-ca-dot$))> 
r.Nom  etdadmt  tkt  remdeettmet  amor  ding  te  tkt  mi>  eprlmt  amt  rtrldlm.  If  e  gate  atrrtm  km  n at 
::bttt  Itebidtd  in  tkt  mmetm,  iktn  lit  rendnnmat  It  mtttO. 

(aatq  g-na  (If  Includa-na 

(a  (araf  OCMORITE-ARRAV  aagaant  gbar-nalt)  (araf  OCMORITE-ARRAV  aagaant  a-nalt) 
(araf  OORMUTC-ARRAV  aagaant  a-naltHaref  OEMDRITE-ARRAY  aagaant  h-nalt))  0.0) 
g-ca  (if  Includa-ca 

(g-ca  (araf  OCMORITE-ARRAV  aagaant  gfcar-caS)  (araf  OCMORITE-ARRAV  aagaant  a-caS) 
(araf  OCMORITE-ARRAV  aagaant  w-ca»)  0.0) 
g-1  (araf  OCMORITE-ARRAV  aagaant  g-laak$) 

T-atla  (If  (and  (EQ  OCMORITE-ARRAV  APICAL-SHAFT -OCNORITE) 

(•  aagaant  acurrant-atlaulua-aagaant))  tlndede current  Injection 
*1 -dan- at la  0.0) 


g- total  (•  g-na  g-ca  g-1) 

a-aff  (//  (♦  (a  g-na  *a-na)  (a  g-ca  aa-ca  )  (*  g-1  *ad-))) 
g-total)) 

:;Nom  ctlarimi  tkt  dtrlrmtre  of  the  reitegi  kmed  an  tkt  aetdy-ame  rdett  fir  tkt  amt  earidUm  m 
:.tk»  ketdlng  prntmld.  Men  tkm  tkt  trgtmtmttt  "Y-DOT'  kmt  ttbe  tdfuted  fer  tkt  dutd  tad 

(aaat  (dandrlta-darlvatT^iDEMORnE-ARRAV  total -aagaanta  aagaant  1-atla  g- total  a-aff) 
DENDRITE-ARRAY  aagaant  voltage-dot*))))))) 


;;;  DSNDUTE-DWVdTlVM  TkU  ft  oaten  find*  tkt  dertrmht  tf  tkt  dtndritt  aagnaaaf  rdtegt  ghee  tkt  tar  tern  ealmmtd 

:::amt.  _ 

(dcfun  dandrlta-darlvatlva  (OCNORITE -ARMY  total -aagaanta  aagaant  1-atla  g-total  a-aff) 

(lat  ((thla-voltaga  (araf  DCMORITE-ARRAY  aagaant  voltaga-aatH)) 

( laft-vol taga)(r1gnt-vol taga-1 )(r1gftt-voltaga-I ) 
(g-caupltnf-laft)(g-coupl1ag-r1ght-1)(g-couallng-rtght-Z)) 

(eond  ((■  total -aagaanta  1)  ;  Jka  tm  moment  la  tbit  part  tf  tkt  trm 

(If  (nr  (EQ  OORMUTC-ARRAV  APICAL- 1 -OCNORITE)  (EQ  OORMUTC-ARRAV  APICAL-I-OORMUTE ) )  ;ttr  r  branch 

:  It  abetting  tkt  dtad  part  tf  tkt  daft 

(aatq  laft-voltaga  (AREF  APICAL -SHAFT -OCNORITE  (•  notal-aglcal-aAaft-aagaanta  1)  voltaga-aatl S) 

’(araf  APICAL-SMFT-OORMUTE  (-  noUl-apIcal -ahaft-aagaanu  1)  g-axlalt) 
(araf  OORMUTC-ARRAV  0  g-axlalt) )) 

;  mktrtim  tkUUtkt  +icd  nr  bmd  daft,  nkkk  den  tkt  man 
(aatq  laft-voltaga  (araf  SOM  voltaga-aatl*) 

g-coupllng-laft  (g-parallol  (araf  SOM  g-n(alS)  (araf  OORMUTC-ARRAV  0  g-axlalt)))) 

(If  (and  (EQ  OEMDRITE-ARRAY  APICAL -SHAFT -DENDRITE)  a(neluda-apleal-l) 

;  deft  nitk  l  breach  gat  r-r-l  m  I 
(aatq  rlght-voltaga-1  (aref  APICAL-I-OORMUTE  0  voltaga- aatlt) 

g-coupllng-rlght-1  (g-parallel  (aref  APICAL-1 -OCNORITE  0  g-axlalt) 
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(aref  DENORITE-ARRAY  0  g-axlalt))) 

:  rim  oo  mgmtntt  distri 

(setq  rlght-voltage-1  (aref  DENDRITE-AARAY  segaent  voltaga-aatlt) 
g-coupllng-rlght-1  0.0)) 

(If  (and  (EQ  0£ NORITE- ARRAY  APICAL-SHAFT -DENDRITE >  *1nclude-ap1ca1-2) 

.*  theft  with  r  brooch  gttt  rs-2  os  r 

(sctq  rtght-voltage-2  (aref  APICAL-2-DEN0RITE  0  volUge-eatU) 

g-coupllng-rlght-2  (g-paralla)  (araf  APICAL-2-DE NORITE  0  g-axlalt) 

(aref  DENDRITE-ARRAY  3  g-axlalt))) 

;  rim  oo  mpooott  distri 

(setq  r(ght-vo1tage-2  (aref  DENORITE-ARRAY  sagaent  voltaga-eatlS) 
g-cotipl(ng-r1ght-2  0.0))) 

((•  total -segaents  (♦  1  sagaent))  ;  Al  tht  dlttri  mpntot  of  this  par;  of  tht  dtndrttt,  cod  then  is  morn 

:  thou  ooo  mpntot,  tolwUlbt  mpntot  proxtmri  to  same  port  of  trot 
(setq  left-voltage  (aref  OENDRITE-ARRAY  (-  sagaent  1)  voltage-estlS) 

g-coupllng-left  (g-paralla)  (aref  DENORITE-ARRAY  sagaent  g-axlalt) 

(araf  OENDRITE-ARRAY  (•  sagaent  1)  g-axUU))) 

Of  (and  (EQ  DENORITE- ARRAY  APICAL-SHAFT-OENORITE)  *1nclude-aptcal-l ) 

;  Ifshofi  aCf  brooch  then  rs-1  ott  bo  proxtmri  mg  of  I 
(setq  right- voltage- 1  (aref  APICAL -1 -DENDRITE  0  voltage-estlS) 

g-coupllng-rlght-1  (g-parallel  (aref  APICAL- 1 -DENDRITE  0  g-axlalt) 

(araf  DENORITE-ARRAY  segment  g-axlalt))) 

;  rim  oo  rs-1,  oo  montr  which  port  of  trot 
(setq  rlght-voltage-1  (araf  DENORITE-ARRAY  sagaent  voltege-estlt) 
g-coupllng-rlght-1  0.0)) 

(If  (and  (EQ  DENORITE-ARRAY  APICAL-SHAFT-DENORITE)  alnelude-aplcal-2) 

;  Ifthoft  i FW  brooch  then  rs-1  wU  bo  proxtmri  mg  of  l 
(setq  rlght-voltage-2  (aref  APICAL-2-0E NORITE  0  voltage-estlS) 

g-coupllng-rlght-2  (g-parallel  (aref  APICAL- 2-DENORITE  0  g-axlalt) 

(aref  OENDRITE-ARRAY  segaent  g-axlalt) )) 

;  rim  oo  rs-2.  oo  mttltr  which  port  of  trot 
(setq  rlght-voltage-2  (aref  DENORITE-ARRAY  segaent  voltege-estlt) 
g-coupllng-rlght-2  0.0))) 

((■  segaent  0)  ;  At  tht  proxtmri  mpntot  of port  of the  trot  with  os  host  2  mgmtntt 

(If  (or  (EQ  DENORITE-ARRAY  APICAL- 1 -DENORITE)  (EQ  DENORITE-ARRAY  APICAL-2-DEN0RITE) ) 

;  pro*  mg  of  tit  her  l  or  r  brooch  wtU  $ tt  distri  theft  os  Is 
(setq  left-voltage  (AREF  APICAL-SHAFT-DENORITE  (•  stotal -epical -shaft-segaents  1)  voltege-estlt) 
g-coupllng-left  (g-parallel 

(aref  APICAL -SHAFT- DC NORITE  (-  *total -apical -shaft-segaents  l)  g-axlalt) 
(aref  0EN0RITE-ARRAY  segaent  g-axlalt))) 

;  pro*  mg  of  sptcri  orbotri  theft  wtO  get  tome  os  Is 
(setq  left-voltage  (aref  S0HA  voltage-estlS) 

g-coupllng-left  (g-parallel  (aref  S0HA  g-axlalt)  (aref  DENORITE-ARRAY  1  g-axlalt)))) 

;  pro*  mg  ofril  ports  of  trot  wQ>  tt  Uost2mgtwia  § tt  mg  2  from  mot 
;  port  os  rs-1,  oo  rs-2 

(setq  right-voltage- 1  (aref  OENDRITE-ARRAY  1  voltege-estlt) 

g-coupllng-rlght-1  (g-parallel  (eref  DENORITE-ARRAY  1  g-axlalt) 

(aref  DENORITE-ARRAY  1  g-axlalt)) 
rlght-voltage-2  (aref  OENDRITE-ARRAY  0  voltege-estlt) 
g-coupllng-rlght-2  0.0)) 

( t  ;  At  tomt  mtddU  mg  of  semtport  of  the  trot  thot  hot  ot  toost  i  mgs 

(setq  left-voltage  (aref  DENORITE-ARRAY  (•  segaent  1)  voltege-estlt)  As  ts  mg  prox  from  stmt  port  of  trot 
g-coupllng-left  (g-parallel  (aref  DENORITE-ARRAY  (-  segaent  1)  g-axlalt) 

(aref  DENORITE-ARRAY  segaent  g-axlalt)) 

right-voltege-1  (aref  0C  NORITE-ARRAY  (♦  1  segaent)  voltege-estlt)  ;rs-l  Is  mg  distri  from  stent  pe 


g-coupllng-rlght-1  (g-paralle)  (aref  DENORITE-ARRAY  (♦  1  segaent)  g-axlalt) 

(aref  DENORITE-ARRAY  segaent  g-axlalt)) 
rlght-voltage-2  (aref  DENORITE-ARRAY  segaent  voltege-estlt)  :ot  rs-2 
_  g-coupllng-rlght-2  0.0))) 

:;my-DOTm  gets  the  dirtrattH  of  the  mpntot  trittgt.  Thto  ston  It  ot  the  lost  pormonoM  trim. 

(v-dot  g-coupllng-left  g-coupltng-rlght-1  g-coupllng-rlght-2  g-totel 
e-eff  left-voltage  thls-voltege  rlght-vol  tage-1  rlght-voltage-2 
(aref  OENORITE- ARRAY  segaent  capacltencst)  1-stla))) 


:::  LOAD-  PIXST-XSTIH4  7TS  stent  the  tit  boot  ton  loop  with  to  totttri  letest'  ostimote  (ttt2)  of  the  tritegts, 
cdeoUttd  from  the  prttlout  trittgt,  the  protiottt  dertiettn  of  the  tritegs.  end  the  time  sup. 

The  ioltlri  “tst 2"  is  criatlend  using  oo  opto  lutgretlon  farmtdo. 

(defun  load-flrst-estlaates  () 

;;Flrst get  rit the  dendrite  mpooott. 

(do)  1st  (OENORITE- ARRAY  (list  IASAL-0EN0RITE  APICAL -SHAFT -OEWRITE  APICAL- 1 -OENORITE  APICAL-2-DEMNtTTE ) ) 
(if  (aref  OENDRITE-ARRAY  0  Include-aeS) 

(do  ((segaent  0  (Incf  segaent))) 

((•  segaent  (aref  DENDRITE -ARRAY  0  total -segaantst))) 

(aset  (•  (aref  DENORITE-ARRAY  segaent  voiuget)  ; Xsttmetod trittgt  - PrtHous frit.  ♦ 

:  (di  *  Proeimusdu.-dest 
(a  sdt  (aref  OENDRITE-ARRAY  segar  -oltege-doU))) 

OENDRITE-ARRAY  segaent  vo1tage-ast2i  ) 
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;:Now  for  the  mm. 

(cond  ((or  »steady-state-run  *1claap-run) 

(aset  (♦  (aref  SOHA  voltaget)  (*  *dt  (aref  SOMA  voltage- dots)))  SOMA  vo1tage-est2S)) 

::  For  the  edtoge  dmp  the  torn  edregt  It  d*ept  the  correct  clomp  edicts. 

(svclaap-rgn 

(aset  (If  (•  1  *vclaap-coaaend-flag)  (araf  avoltage-eoaaand*  nine-step)  *e  leap -voltage) 

SOMA  voltage-estlS) 

(aset  (If  (•  I  *vc laap-coaaand- flag)  (aref  *voltag*-coanand»  nine-step)  aelanp- voltage) 

SOMA  voluge-est2S)))) 

(defvar  flag  t) 

;;;  TEST-ESTIMATES  -  If  ANY  of  the  ettimetsd  edtagst  ore  tot  within  the  coweertenct  crlltrtom,  ikon  Immodlmtlp 
;;;  etti  with  ’ndm.  othorwtm  return  "t". 

(defun  test-estlaates  () 

(setq  flag  t) 

(and  (test  (araf  SOMA  voltage-estlS) 

(araf  SOMA  voltage-csttS)) 

(and  (dollat  { DENORITE- array 

(list  RASAL-KNORITE  APICAL- SHAFT -DCHORITE  APICAL*  1  -0ENDRITE  APICAL-2-OE NORITE  'and*)) 
(if  (equal  DE norite-array  'and’)  (return  T)) 

(If  (not  (If  (aref  DC NORITE- ARRAY  0  INCLUOE-HES) 

(do  ((segaent  0  (Incf  stgaent))) 

((.  segaent  (aref  DENORITE-ARRAY  0  total -sagaentsS))  T> 

(If  (not  (test  (aref  OENORITE-ARRAY  segaent  voltage-estlS) 

(aref  OENORITE-ARRAY  segaent  voltage-est2l))) 

(return  nil))) 

Tl) 

(return  nil)))))) 


TBST-FOM-USTWG-STATE  Chocks  to  too  Iftht  compartment  edict**  hmo  milled  down  to  a  f nod-rotting  Host  bp 
testing  oO  the  stored  derteeatees  of  the  comportment  tottoget.  If  the  mognltude  of  ALL  the  dertemleet  ore 
lett  ikon  •dot’opuloo.  then  return  V.  Thetpttem  It  then  esotmed  to  bent  tteodp  ttote. 

(defun  tes t- for- rest ing-stata  () 

(seta  flag  t) 

(and  (<  (aba  (aref  SOMA  voltage-dotS))  *dot-aps11on) 

(or 

(dot  1st  (OENORITE-ARRAY 

(list  RASAL-OENORITE  API CAL -SHAFT -DENDRITE  APICAL- 1 -DENDRITE  APICAL-2-DENDRITE ) ) 

(If  (aref  OENORITE-ARRAY  0  INCLUOE-HES) 

(do  ((segaent  0  (Incf  segaent))) 

((•  segaent  (aref  OENORITE-ARRAY  0  total-segaentsS))) 

(If  (not 

(<  (abs  (aref  OENORITE-ARRAY  segaent  voltage-dot S>)  «dot-apallon)) 

(seta  flag  nil))))) 

flag))) 

:::  G-FAXALLXL 
(defun  g-parallcl  (gl  g2) 

(//  (*  gl  g2  4.0)  (♦  (»  2.0  g1)(»  2.0  g2)») 

;;;  STOKX-NEWSOMA-ESTIMA TE  Moke  the  old  tome  edicts  ettlmete  (ettJ)  egod  to  the  now  edtege  ettlmete  (etti). 
(defun  s tore -now- soaa-estlnata  () 

(aset  (>  0.5  (♦  (aref  SOMA  voltage-est1S)(aref  SOMA  vo1tage-est2S)))  SOHA  voltage-estlt)) 


:::  STOKE- NSW- DENDMTS-ESTIMA  TES  Mdte  the  dd  dendrite  edicts  ettlmete  (etti)  egod  to  the  new  edicts  ettlmete 
til  (etti). 

(defun  stora-naw-dendrl ta-estlnetas  () 

(dollat  (OENORITE-ARRAY  (list  RASAL-OENORITE  APICAL-SMAFT-OENORITE  APICAL- 1-DEN0RITE  APICAL-2-0EN0RITE)) 
(If  (aref  OENORITE-ARRAY  0  INCLUOE-HES) 

(do  ((segaent  0  (incf  segaent))) 

((•  segaent  (aref  OENORITE-ARRAY  0  total-segaentsS) ) ) 

(aset  (a  R.s  («  (araf  OENORITE-ARRAY  segaent  voltage-estlS) 

(araf  OENORITE-ARRAY  segaent  vo1tage-ast2S))) 

OENORITE-ARRAY  segaent  voltage-estlS))))) 

;;;  STOKE-NEW-SOMA-VOLTAGE  Moke  the  dd  some  edicts  egnd  to  the  new  edicts  ettlmete  (cm3). 

(defun  s tore-new- soaa- voltage  ( ) 

(aset  (aref  SOHA  voltage-est2S)  SOMA  voltages)) 


;;;  STOKE-NEW-DENDKITE-VOLTAGES  Mdte  the  dd  dendrite  edicts  egnd  to  the  new  edicts  ettlmete  (ett2). 

(dt fun  storv-Mv-dtndr It#- voltages  () 

(dollat  (OENORITE-ARRAY  (Hat  RASAL-OENORITE  APICAL -SMAFr-OEWUTE  APICAL-1 -DENDRITE  APICAL -2-DENORITE)) 
(If  (aref  OENORITE-ARRAY  0  INCLUOE-HES) 

(do  ((aegawnt  0  (Incf  segaent))) 

((■  segaent  (aref  OENORITE-ARRAY  0  total -segaentaS))) 

(aset  (aref  OENORITE-ARRAY  segaent  voltage-asUS)  OENORITE-ARRAY  segaent  voltages))))) 
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AY  SET-  DKNDMTE-ST 4  TSS-AND-  V- DOTS  Cdedmot  tho  condo dcnca  bond  on  tho  atrnnt  rdto go  oMlmtto  (ottlj. 

:::  Motod  on  thorn  robot  tko  dortHBtro  of  tho  rdtogt  (ottl-dot)  It  toicolottd  according  to  KCL.  Iftho 
:::  locp-dont  flood  tot.  thon  tho  dorlmlro  of  tho  rdtogt.  tho  ttato  nrlobUt  nod  tkoir  dortmtm  on 
:::  ttond  ot  tho  find  ottlmotot  (rdtogt-doti,  m-not.  m-oo-dotS.  otcj. 

(defun  set-dendrlte-statas-and-v-dots  (loop-done) 

(dol  1st  (OENORITE-ARRAY  (list  BASAL-OENORITE  APICAL-SHAFT -DENMITE  APICAL-1 -DENDRITE  APICAL-2-DEN0RITE)) 

(if  (aref  DENDRITE-ARRAY  0  INCLUDE-HES) 

(let  ((total-sagaents  (aref  DENORITE-ARRAY  0  total-segaentsS))) 

(do  ((segaent  0  (Incf  segaent))) 

((■  segaent  total -segaents ) )  _ 

(lets  ((v-est  (aref  DENORITE-ARRAY  segaent  voltege-estlS))  :“V-EST“  It  tho  atrnnt  rdtogt  ostimmo 
(voltage-index  (♦  1000  (flxr  (s  10  v-est)))) 

(1nclude-ne  (aref  DENORITE -ARRAY  segaent  Include-neS)) 

( Include-ce  (aref  0EN0RITE-ARRAY  segaent  Include-ceS)) 

(a-na-aat) (h-na-est) 

(s-ca-est)(wca-est) 

(e-eff)(g-na-est)(g-ce-est)(g-synepse)(1-st1a)(g-leek)(g-totel-est)) 

(If  Include-ne 

(setq  a-ne-est  ( trap- approx  (aref  DENDRITE-ARRAY  segaent  a-na1S)(aref  DENDRITE-ARRAY  segaeat  a-na 

1-dotS) 

(aref  o-nal- Inf-array  voltage-index)  (aref  t-a-nal-array  voltage  inde 
x)) 

h-na-est  (trap -approx  (aref  DENDRITE-ARRAY  aegaant  h-na1S)(araf  DENORITE-ARRAY  segaent  fc-na 

1-dotS) 

(aref  h-nal-lnf-array  voltage-index)  (aref  t-h-nai -array  voltage- Inde 
x)) 

f-na-est  (*  (aref  DENORITE -ARRAY  segaent  gbar-nalt)  a-ne-est  a-na-aat  h-na-est)) 

(setq  g-na-est  0.0)) 

(If  include-ca 

(setq  s-ca-est  (trap-approx  (aref  OENORITE-ARRAY  segaent  s-eaS)(araf  DENDRITE-ARRAY  segaawt  s-ea- 

doU) 

(aref  s-ca-lnf-array  voltage-index)  (aref  t-s-ca-array  voltage-index) 

) 

a-ea-est  (trap-approx  (aref  OENORITE-ARRAY  segaent  v-cat)(aref  DENDRITE-ARRAY  segaent  w-ca- 

dott) 

(aref  w-ca- Inf-array  voltage- Index)  (aref  t-w-ca-array  voltage-index) 

) 

g-ca-est  (g-ca  (aref  DENDRITE-ARRAY  aegaant  gbar-caS)  s-ca-est  w-ca-est)) 

(setq  g-ca-est  0.0)) 

(If  (and  slncluda-dandrlta-synepse  (•  segaent  esynapae-segaant)  ilmdbtdo gnmm 

(and  (>  atlne  ‘start- dendrite- synapse)  ;if togmont  hot  t  gtntpm  ond  tlmo  It  right. 

(<  sdandrlte-synapae-stap  10000)))  :Totm  length  oftpnopm It lOOOO dft 
(setq  g-synapse  (aref  0E NORITE-SYNAPSE  edandrlta-aynapse-stap) 
sdendrlta-synapse-stap  («  sdandrlta-synapae-stap  D) 

(setq  g-synapse  0.0)1 

(setq  1-stla  (If  (and  (EQ  DENORITE-ARRAY  APICAL-SHAFT-DENDRITE) 

(■  segaent  acurrent-stlnulus-sagaent) )  : Indude  cor  rota  Infection 

sl-dan-stln  0.0) 

g-leak  (aref  DENDRITE-ARRAY  aegaant  g-laakS) 
g- total -eat  (♦  g-na-est  g-ca-est  g-leak  g-synapse) 
e-eff  (//  (♦  («  g-na-est  *e-ni)(*  g-ca-est  ae-ca  ) 

(s  g-leak  sed-l)(s  g-synapse  «a-synepsa)) 
g-total-ast)) 

r.Iftta  lo  tho  loop,  thou  rdtogt  dorlmlro  It  flat  an  tttlmoto.  othonrlto  It  It  ttond. 

(cond  ((not  1oop*dono) 

(asst  (dendrite- derivative  OENORITE-ARRAY  total -segaents  aegaant  1-stla  g-total-ast  e-eff) 
OENORITE-ARRAY  segaent  voltage-estl-doU)) 


-.lodedo  atrnnt  Infection 


(asct  (dendrite-derivative  0£ WRITE-ARRAY  total -segaents  segaent  1-stla  g-total-ast  e-eff) 
OENORITE-ARRAY  segaent  voltage-dotS) 

y.UktwlM.  uon  tho  find  robot  for  tho  unto  rorloblot  aa d  tkoir  dortmtm  oflor  tho  loop 
::Uot  flnlihod. 

( coo d- every 
|  includt-M 

(aset  a-na-aat  DENORITE -ARRAY  segaent  a-nalS) 

(asat  (dxdt-eq  a-na-aat  (aref  o-nal-lnf-array  voltage -Index) (aref  t-a-nal-array  voltage-  in 

DENORITE-ARRAY  aegaant  a-nal-deU) 

(aaet  h-na-eat  0EWRITE- ARRAY  aegaant  h-aalS) 

(aset  (dxdt-aq  h-na-eat  (aref  h-nel- Inf -array  voltage- Index) (aref  t-h-nel-array  voltage-la 

DENORITE-ARRAY  segaent  h-na1-dotS>) 

(Include-ca 

(aset  s-ca-est  DEMRITE-ARRAY  aegaant  s-cat) 

(aset  (dxdt-eq  s-ca-est  (aref  s-ca-lnf-array  voltage- index) (aref  t-a-ca-array  voltage- Inde 

DEMORITE-ARRAY  aegaant  a-ca-doU) 

(aset  o-ea-est  DENDRITE-ARRAY  aeoaant  w-cat) 

(aaet  (dxdt-eq  w-ca-est  (aref  o-ca- Inf -array  vo1tage-1ndax)(aref  t-w-c a-array  voltage-lnda 

OENORITE-ARRAY  segaent 

o-ca-doU))))))))))) 


x)) 


;;;  SET-SOHd-STATES-AffD-V-DOT-FOK-CtSKAEYT -CLAM?  Cdealatet  ike  coaduaencai  bated  on  the  a u-rent  railage  tttlnmt. 

Bated  em  them  rates  the  dertmh re  of  the  railage  {..Ml -dot)  It  calculated  according  te  KCL.  Iftht 
:::  I  oar- dome  flag  It  ml.  than  the  dartmtee  of  tka  cottage,  the  mat*  rarlaUet  and  tkair  dartrattret  am 
;;;  noted  at  taaflad  animate!  (reltaga-detS,  m-nat,  m-me-dotl,  aicj. 

‘(’defun  aet-sona-statea-and-v-dot-for-current-elanp  (loop-done) 

(let*  ((v  (aref  SOHA  voltage-estll))  ;*V"  it  the  currant  cottage  animate 

(a-nal-ast)(h-nal-est)(g-nal-est) 

(e-naZ-est)(h-na2-est)(g-naZ-e*t) 

(n-na3-est)(h-na3-est)(g-na3-ast) 

(x-nap-est)(g-nap-est) 

(s-ca-est)(w-ca-est)(g-ce-est)(x-cas-est)(g-ca*-est)(new-c*-conc-*heH)(new-ca-conc-*hellZ) 

(x-a-est)(y-a-est)(g-a-est) 

(x-c-est)(y-c-est)(w-c-est)(g-c-est) 

(z-ehp-est)  (y-ahp-est)  (w-ahp-eat) 

(g-ahp-eat) 

(x-a-est)(g-a-est) 

(x-dr-aat)(y-dr-est)(g-dr-eat) 

(x-q-est)(g-q-est) 

(g-leak)(g-thunt)(g-coupHng-left)(g-co«pl1ng-r1ght-1)(g-coupl1ng-r1ght-Z) 

(e-eff)(  left-voltage)  (ttils-voltageM  right-voltage- D(rlght-voltage-Z) 
(g-synapse)(g-total-est)(voltage-1ndex  (♦  1000  (flxr  (*  10  v))))) 

(cond-every 

(*1nclude-na1  (setq  a-nal-est  (trap-approx  (eref  SOHA  e-n*1S)  (aref  SOHA  a-nal-doti) 

(aref  n-nal- Inf -array  voltage -index)  (aref  t-e-nal-array  voltage-1 

ndex) ) 

h-nal-ut  (trap- approx  (aref  SOHA  h-nalt)  (aref  SOHA  h-nal-doti) 

(aref  h-na)-1nf-array  voltage-index)  (aref  t-h-nai-array  voltage-1 

ndex)) 

g-nal-eat  (g-nal  (araf  SOHA  gbar-nalS)  e-nal-eat  h-nal-eat))) 

((not  *1nc1ude-na1)  (setq  g-nal -a* t  0.0)) 

(*1nclude-na2  (aetq  e-na2-eat  (trap -approx  (aref  SOHA  a-naZS)  (aref  SOHA  e-na2-dotS) 

(aref  a-naZ- Inf-array  voltage-index)  (aref  t-e-na2-array  voltage-1 

ndex)) 

h-na2-e*t  (trap-approx  (aref  SOHA  h-na2t)  (aref  SOHA  h-na2-dotS) 

(araf  h-naZ-Inf-array  voltage-index)  (aref  t-h-na2-errey  voltage-1 

ndex)) 

g-na2-est  (g-na2  (aref  SOHA  gbar-naZS)  a-naZ-est  h-naZ-eat))) 

((not  *lnclude-naZ)  (aetq  g-naZ-eat  0.0)) 

(*1nclude-na3  (aetq  n-na3-eet  (trap-approx  (araf  SOHA  >-na3S)  (aref  SOHA  a-naS-dotS) 

(araf  a-naS-Inf-array  voltage- (ndex)  (aref  t-a-na3-array  voltage-1 

ndex)) 

h-na3-est  (trap-approx  (aref  SOHA  h-na3S)  (aref  SOHA  h-na3-dotS) 

(aref  h-na3-1nf-array  voltage-index)  (aref  t-b-na3-array  voltage-1 

ndex)) 

g-na3-est  (g-na3  (aref  SOHA  gbar-na3$)  a-na3-eat  h-na3-eat  ))) 

((not  *1nclude-na3)  (aetq  g-na3-aat  0.0)) 

(*1nclude-nap  (aetq  x-nap-eat  (trap-approx  (aref  SOHA  x-napS)  (aref  SOHA  x-nap-dotS) 

(aref  x-nap-1nf-arrey  voltage-index)  (aref  t-x-nap-array  voltage-1 

ndex)) 

g-nap-eat  (*  (aref  SOHA  gbar-napS)  x-nap-eat  ))) 

((not  *lnclude-nap)  (setq  g-nap-eat  0.0)) 

(*1nclude-cas  (setq  x-cas-est  (trap-approx  (aref  SOHA  x-cast)  (aref  SOHA  x-cas-dot$) 

(aref  x-cas-lnf-array  voltage-index)  (aref  t-x-cas-array  voltage-1 

ndex)) 

g-caa-tat  (*  (aref  SOHA  gbar-caaS)  x-caa-eat) ) ) 

((not  *1nc1ude-caa)  (aetq  g-caa-eat  0.0)) 

(*1nc1ude-ca  (aetq  a-ca-eat  (trap-approx  (aref  SOHA  a-eat)  (aref  SOHA  a-ca-dotS) 

(aref  a-ea-1nf-arrey  voltage-index)  (aref  t-a-ca-array  voltage-lnde 
x)) 

w-ca-eat  (trap-approx  (araf  SOHA  *-cat)  (aref  SOHA  a-ca-dotS) 

(aref  w-ca-lnf-arrey  voltage- Index)  (aref  t-w-c a-arrey  voltage-lnde 
x)) 

g-ca-eat  (g-ca  (aref  SOHA  gbar-eal)  a-ca-eat  w-ca-est))) 

((not  *1nclude-ca)  (aetq  g-ca-eat  0.0)) 

(*1nclude-a  (aetq  x-a-aat  (trap-approx  (aref  SOHA  x-aS)  (eref  SOHA  x-a-dotS)  (aref  x-a-lnf-array  voltage-lnde 
x) 

(aref  t-x-a-array  voltage- Index)) 

y-a-eat  (trap-approx  (araf  SOHA  y-eS)  (aref  SOHA  y-a-dotS)  (eref  y-a-lnf-arrey  voltage-lnde 
x) 

(araf  t-y-a-arrey  voltage- Index)) 
g-a-eat  (g-a  (aref  SOHA  gbar-at)  x-a-eat  y-a-eat))) 

((not  «lnclude-a)  (aetq  g-a-aat  0.0)) 

(sinclude-c  (aetq  x-c-eat  (trap-approx  (araf  SOHA  x-cS)  (aref  SOHA  x-e-dotS)  (aref  x-c-lnf-array  voltage-lnde 
x) 

(araf  t-x-c-array  voltage-index)) 

y-c-eat  (trap-approx  (araf  SOHA  y-cS)  (araf  SOHA  y-e-dot*)  (araf  y-c-lnf-arrey  voltage-lnde 
x) 

(aref  t-y-c-array  voltage- Index)) 
w-c-est  (trap-approx  (araf  SOHA  v-ct)  (araf  SOHA  v-c-dott) 

(w-e-lnf  (araf  SOHA  ca-conc-shellt)) 

(t-w-c  (araf  SOHA  ca-conc-abelll))) 
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g-c-est  (g-e  (aref  SOMA  gbar-ct)  x-c-est  y-c-ut  w-e-est))) 

((not  stnclude-c)  (setq  g-c-est  0.0)) 

(*1nclude-ahp  (setq  z-ahp-est  (trap -approx  (araf  SOM  z-ahp$)  (araf  SOM  z-ahp-dott)  (eref  z-ahp-laf-array  vo 
luge- Index) 

(araf  t-z-ahp-array  voluga- Index)) 

y-ahp-est  (trap -approx  (araf  SOM  y-ahpt)  (aref  SOM  y-ahp-dott)  (araf  y-ahp-)nf-arrey  vo 

luge- Index) 

(aref  t-y-ahp-array  volUge- Index)) 
w-ahp-aat  (trap-approx  (araf  SOM  w-ahp$)  (araf  SOM  «-ahp-doU) 

(w-ahp-lnf  (aref  SOM  ca-conc-shell2S)) 

(t-w-ahp  (aref  SOM  u-conc-shell2S))) 
g-ahp-est  (g-ahp  agbar-ahp  z-ahp-est  y-ahp-est  v-ahp-est) ) ) 

((not  sinclude-ahp)  (setq  g-ahp-est  0.0)) 


x) 


)) 

)) 


x) 


(tlnelude-n  (setq  x-a-ast  (trap-approx  (aref  SOM  x-et)  (araf  SOM  x-n-dotS)  (araf  x -a- Inf-array  voltage-lnde 

(aref  t-x-a- array  voltage-index)) 
g-e- eat  (a  (aref  SOM  gher-aS)  x-a-ast))) 

((not  sinclude-a)  (setq  g-a-est  0.0)) 

(slnclude-dr  (satq  x-dr-ast  (trap-approx  (araf  SOM  x-drS)  (araf  SOM  x-dr-dotS) 

(araf  x-dr-lnf-arrey  voltage-index)  (aref  t-x-dr-array  voltage-index 

y-dr-est  (trap-approx  (araf  SOM  y-drS)  (aref  SOM  y- dr -dots) 

(aref  y-dr-lnf-arrey  voluga- Index)  (aref  t-y-dr-array  voltage-index 

g-dr-est  (g-dr  (aref  SOM  gbar-drt)  x-dr-est  y-dr-est))) 

((not  stnclude-dr)  (satq  g-dr-est  0.0)) 

(Xnclude-q  (setq  x-q-est  (trap-approx  (aref  SOM  x-qS)  (araf  SOM  x-q-dotS)  (aref  x-q-lnf-erray  voltage-lnde 

(aref  t-x-q-array  voluga- Index)) 
g-q-est  (■  (aref  SOM  gbar-qS)  x-q-est))) 

((not  slnclude-q)  (satq  g-q-ast  0.0)) 

((and  sinclude-sona-synapsa  ilochtda some tyatpm  tfaadbled. 

(and  (>  stlne  ssurt-saaa-synapse)  ;aad  tftimt  It  tight. 

«  ssona-synapsa-step  10000)))  :Totm  loogtk  of tpo^m  It  10000  dft 
(satq  g-synapae  (aref  SOM-SYMPSE  ssona-synapsa-step)) 

(aset  g-synapse  SOM  g-synapsaS) 

(setq  ssana-synapse-stap  («  aaona-synapse-stap  1))) 

(t  (setq  g-synapse  0.0) 

(aset  g-synapse  SOM  g-synapseS))) 

(setq  g-leak  (aref  SOM  g-leakS) 

g-shunt  (if  sinclude-shunt  sg-elactroda  0.0) 
g-toul-est  (♦  g-nal-ast  g-na2-est  g-na3-ast 

g-ca-est  g-nap-est  g-a-est  g-c-ast  g-ahp-est  g-dr-est  g-n-ast 
g-q-est  g-leak  g-synapsa  g-ahunt) 

a-aff  (//  (♦  (s  («  g-nal-est  g-na2-est  g-na3-cst  g-nap-est)  sa-na) 

(s  («  g-a-est  g-c-est  g-n-ast  g-q-ast  g-ahp-est)  sa-k) 

(s  g-ca-est  (e-ca)) 

(s  g-leak  sa-1) 

(«  g-dr-est  «e-dr) 

(*  g-synapse  *e- synapse) ) 
g-total-tst) 

left-voluge  (If  (aref  BASAL-DE NORITE  0  1nclude-neS> 

(araf  BASAl-OEMMITE  0  volUge-astlS) 

(araf  SOM  voltaga-cstlt)) 

g-coupl lag- left  (If  (araf  0A3AL-DCNMXTE  0  Include -neS) 

(g-parallel  (aref  BASAL-DENOftXTE  0  g-axlalS) 

(aref  SOM  g-axtalt)) 

0.0) 

thls-voluge  (aref  SOM  voluye-estli) 

rlght-voluge-l  (If  (aref  APICAL-SMFT-DEMMITE  0  Includa-naS) 

(aref  APICAL-SMFT -DENDRITE  0  voltage-astll) 

(araf  SOM  voltage-estlS)) 

g-coupl  lng-rlght-1  (If  (araf  APXCAl-SMFT-DENUUTE  0  Include -net) 

(g-parallel  (araf  APlCAi-SMn-OENOUTE  0  g-axlalt) 

(aref  SOM  g-axtalt)) 

•.0) 

right- voltage- 2  (araf  SOM  voluge-estlt)  :  Somo  tooor  km  o  meomd  rlgkikamd  rommtlom. 

g-coupl 1ng-r(ght-2  0.0) 


::'V-DOT"  gut  tkt  dartrotha  eftko  tottaga.  Tkaa  ttort  tt  at  thtUtt  pormamm  tdoa. 

(cend 

r.lfnttl  /a  tkt  loop,  tkoa  toUagt  darttattr*  It  >Jf  aa  oattmmo 
((not  )oop*doM) 

(aset  (v-dot  g- coup  ling- left  g-eoup!  lng-rlght-1  g-coupl  Ing- right-2  g-uui-ast 
e-aff  left-voltage  thts-voluga  rlght-voltage-1  rlght-voltege-2 
scape  («  at -constant- Injection  at-stln)) 

SOM  voltage-estl-dotS)) 

t.Otkaralta,  tdodmtd  donnth m  hocomot  tkt  norod  dartrattm. 
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(aset  (v-dot  g-coupling-left  g-coupling-right-1  g-eoupling-right-2  g-total-ast 
•-•ff  left- voltage  this-voltage  rlght-voluga-l  right-voltage-2 
■caps  (♦  xi-con»  tint- inject (on  si-stia)) 
saw  voltage-dot*) 

::Lik*wtm.  41  tht  am*  variables  end  th*lr  dertemte**  <n  c4aslm*d  according  to  tk*  current 
:  yet  tag*  *almm*.  end  stored. 

(cond- every 
(T 

(setq  new-ea-conc-th*U  (♦  (<  «dt  (araf  SOW  ca-conc-shell-dot*))(aref  SOMA  ca-conc-shell*))) 

(If  (<  new-ca-cone-shel 1  *core-conc)  (setq  n aw- ca- cone -she tl  «core-conc)) 

(setq  new-ca-conc-shel 12  («  (*  «dt  (araf  SOW  ca-conc-shel  IZ-dott)  Merer  SOM  ca-conc-shellz*))) 

(If  (<  new-ca-conc-shel 12  acora-conc)  (setq  new-ca-conc-shel 12  «cora-conc)) 

(uat  new-ca-conc-shel 1  SOW  ca-conc-iha) IS) 

(asat  new-ca-conc-shel 12  SOHA  ca-conc-ahall2t) 

(aset  (ca-conc-shel 1-dot 

(♦  (*  g-ca-ast  (-  v  (a-ca))) 

(<  g-caa-est  (-  v  aa-caa))) 
new-ca-conc-shel 1  new-ca-conc-shel 12) 

SOW  ca-conc-ahal  1-dot*) 

(aaat  (ca-conc-ahal 12-dot  naw-ca-conc-ahal 1  now- ca-conc-ahal 12) 

SOW  ca-conc-ahal  12-dott) ) 

(alncluda-nal 

(aaat  a-nal-aat  SOHA  a-nalt) 

(asat  (dxdt-eq  a-nal-ast  (araf  a-nal-inf-array  voltage- index)  (araf  t-a-nal-array  voltage- index)) 

SOW  a-nal-dotS) 

(aaat  h-nal-ast  SOW  h-nalS) 

(asat  (dxdt-eq  h-nai-est  (araf  h-nal-1nf-arr«y  voltaga-indax)  (araf  t-h-nal-arrey  voltage -Index)) 

SOW  h-nal-dotS)) 

(*1nc1uda-na2 

(aaet  a-na2-est  SOHA  a-na2S) 

(asat  (dxdt-eq  >-na2-cst  (araf  e-na2- inf-array  voltaga-indax)  (araf  t-a-na2-arrey  voltage- index)) 

SOHA  a-na2-dott) 

(aset  h-na2-est  SOHA  h-na2S) 

(asat  (dxdt-eq  h-na2-ast  (araf  h-na2-inf-array  voltaga-indax)  (araf  t-h-na2-array  voltage-index)) 

SOHA  h-na2-dotS)) 

(ainc1uda-na3 

(aset  e-na3-est  SOHA  a-na3S) 

(asat  (dxdt-eq  a-naS-est  (araf  a-n*3- inf-array  voltage-index)  (araf  t-a-naS-array  voltaga-indax)) 

SOHA  a-naS-dotS) 

(asat  h-na3-ast  SOHA  h-na3S) 

(asat  (dxdt-eq  h-na3-est  (araf  h-na3- inf -array  voltage-index)  (aref  t-h-na3-array  voltage-index)) 

SOHA  h-na3-dotS)) 

(aincluda-a 

(asat  x-a-est  SOHA  x-aS) 

(asat  (dxdt-eq  x-a-est  (araf  x-a-inf-erray  voltage- index)  (araf  t-x-a-a rrey  voltage- index)) 

SOHA  x-a-dotS) 

(aset  y-a-est  SOHA  y-aS) 

(aset  (dxdt-eq  y-a-est  (araf  y-a-inf-array  voltage- index)  (aref  t-y-a-arrey  volUga- index)) 

SOHA  y-a-dotS)) 

(aincluda-c 

(asat  x-c-est  SOHA  x-cS) 

(asat  (dxdt-eq  x-c-ast  (araf  x-e-inf-array  voltaga-indax)  (araf  t-x-c-array  voltage-index)) 

SOHA  x-c-dotS) 

(asat  y-c-est  SOHA  y-cS) 

(asat  (dxdt-eq  y-c-est  (araf  y-c-tnf-array  voltage- index)  (aref  t-y-c-array  voltaga-indax)) 

SOHA  y-c-dotS) 

(lift  w*C*tst  SQM  w-cS) 

(aset  (dxdt-eq  v-c-est  (w-c-inf  (araf  SOHA  ca-conc-shellS))(t-w-c  (araf  SOHA  ca-conc-shallS))) 

SOHA  w-c-dot*)) 

(sincluda-ahp 

(aset  z-ahp-ast  SOHA  z-ahpl) 

(aset  (dxdt-aq  z-ahp-est  (araf  z-ahp- inf -array  voltage-index)  (aref  t-z-ahp-array  voltage- index)) 

SOHA  z-ahp-dotS) 

(asat  y-ahp-est  SOHA  y-ahp$) 

(asat  (dxdt-aq  y-ahp-est  (araf  y-ahp- inf -array  voltage-index)  (aref  t-y-ahp- array  voltage- index)) 

SOHA  y-ahp- dott) 

(aset  v-ahp-est  SOHA  v-ahpl) 

(aset  <*rdt-eq  v-ahp-est  (v-ahp-tnf  (aref  SOM  ca-conc-shal12S))(t-v-ahp  (aref  SOHA  ca-conc-shel 12*))) 
SOHA  w-ahp-do tS» 

(ainclude-a 

(asat  x-a-est  SOHA  x-aS) 

(asat  (*edt-eq  x-a-est  (aref  x-a-inf-array  voltaga-indax)  (aref  t-x-a- array  voltage- index)) 

SOHA  x-a-dotS)) 

(e(nc)ade-q 

(asat  x-q-ast  SOHA  x-qS) 

(asat  (dxdt-aq  x-q-est  (araf  x-q-inf-array  voltaga-indax)  (aref  t-x-q- array  voltaga-indax)) 

SOHA  x-q-doU)) 

(sinclede-dr 

(asat  x-dr-est  SOHA  x-drt) 
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(•set  (dxdt-eq  x-dr-«*t  (*r»f  x-dr-1nf-errey  voltage-index)  (ertf  t-x-dr-«rr«y  voltage-index)) 
SOM  x-dr-dotS) 

(•set  y-dr-est  SOM  y-drS) 

(•set  (dxdt-eq  y-dr-est  (aref  y-dr- Inf-array  voltage-index)  (eref  t-y-dr-arrey  voltage-index)) 
SOM  y-dr-dotS)) 

(«1nc1ude-ca 

(•set  s-ca-cst  SOM  s-cat) 

(•set  (dxdt-eq  s-ca-est  (aref  s-ca- Inf- array  voltage-index)  (aref  t-s-ca-«rr«y  voltage- Index)) 
SOM  s-ca-dotS) 

(•set  x-ca-est  SOM  x-cat) 

(•set  (dxdt-eq  x-ca-est  (aref  w-ea- Inf-array  voltage- Index)  (eref  t-x-ce-array  voltage -Index)) 
SOM  w-ca-dotS) ) 

(ainelude-cas 

(•sat  x-eas-est  SOM  x-casS) 

(•set  (dxdt-eq  x-cas-est  (aref  x-cas- Inf-array  voltage- Index)  (aref  t-x-cas-array  voltage- Index)) 
SOM  x-cas-dotS)) 

(*1ncl ode-nap 

(•set  x-nap-est  SOM  x-napt) 

(•sat  (dxdt-eq  x-nap-est  (aref  x-nap-lnf-array  voltage- Index)  (aref  t-x-nap-array  voltage-index)) 
SOM  x-nap-doU))))))) 


;.V  SET-SOMA-STATESAMD-y-DOT-FOR-VOLTACE-CLAUr 
(defun  sat-soaa-s tatas -and -v- dot- for -voltage- cl aap  () 

( lets  ( (nex-ca-conc-shel 1 )(nex-ca-conc-shal 12) 
(s-ca)(w-ca)(x-cas) 

(voltage-index  (♦  1000  (flxr  (a  io.O  xclaap-voltage))))) 
(cond  ((or  avstep  (■  1  svclaap-cooaend-fleg)) 

(cond- ever- 


ndex) 

ndex))) 

ndex) 

ndex))) 

ndex) 

ndex))) 

)) 

ndex))) 

ndex))) 

)) 


(ainclude-ahp  (satq  szapplnf  (aref  r-aPp-1nf-array  voltage-index) 
atzahp  (aref  t-r-aPp-arrey  voltage-index) 
ayahplnf  (aref  y-ahp- Inf -array  voltage-index) 
atyahp  (aref  t-y-ahp-array  voltage-index) 
sxapplnf  (x-ahp-lnf  (aref  SOM  ca-conc-shellZS)) 

•twahp  (t-x-aPp  (aref  SOM  ea-conc-shell2S)))) 

(ainclude-c  (satq  axclnf  (aref  x-c-lnf-array  voltage-index) 
atxc  (aref  t-x-c-arrey  voltage-index) 
ayclnf  (aref  y-c-inf-array  voltage-index) 
stye  (aref  t-y-c- array  voltage-index) 
axclnf  (w-c-lnf  (aref  SOM  ca-conc-sPallS)) 
atxc  (t-x-c  (aref  SOM  ca-conc-shal IS)) ) ) 

(ainclude-q  (setq  axqlnf  (aref  x-q-1nf-arrey  voltage- Index)  stq  (aref  t-x-q-array  voltage-index))) 
(afnclude-o  (setq  axelnf  (aref  x-e-lnf-array  voltage-index)  ate  (aref  t-x-e-array  voltage-index))) 
(ainclude-nai  (setq  aenallnf  (aref  e-nal- Inf-array  voltaga-lndax)  atonal  (aref  t-o-nai-array  voltage-1 

apnallnf  (aref  h-nal-1nf-erray  voltage-index)  atpnai  (aref  t-h-nal -array  voluge-1 

(«lnc1ude-na2  (setq  aenaZInf  (aref  e-naZ-Inf-array  voltage-index)  stana2  (aref  t-n-na2-array  voltage-1 

ahnaZInf  (aref  h-na2- Inf-array  voltage- Index)  stPnaZ  (aref  t-h-naZ-array  voltage-1 

(sinclude-na3  (setq  MnaSInf  (aref  o-na3-1nf-array  voltage-index)  atanaS  (aref  t-a-na3-array  voltage- 1 

ahnaSinf  (aref  h-na3- Inf -array  voltage -Index)  stPna3  (aref  t-h-naS-array  voltage-1 

(alnclude-ca  (setq  Mcalnf  (aref  s-ea- Inf-array  voltage- Index)  *taca  (aref  t-s-ea-arrey  voltage- index) 
altealnf  (aref  x-ca-lnf-array  voltage- Index)  atPca  (aref  t-x-ca-array  voltage-index) 

(afnclude-nap  (setq  sxnaplnf  (aref  x-nep- Inf -array  voltage- Index)  stxoap  (aref  t-x-nap-array  voltage-1 

(sinclude-cas  (setq  axcaslnf  (aref  x-cas- inf-array  voltage-index)  atxcas  (aref  t-x-cas-array  voltage  1 

(aincludo-dr  (setq  axdrlnf  (aref  x-dr-1nf-array  voltage -Index)  atxdr  (aref  t-x-dr-arrey  voltage- Index) 
aydrlnf  (aref  y-dr- Inf -array  voltage-index)  etydr  (aref  t-y-dr-arrey  voltage- ipdex) 


(sinclude-a  (satq  sxatnf  (aref  x-e-lnf-array  voltaga-lndax)  *txa  (aref  t-x-a-array  voltage- Index) 
ayalnf  (aref  y-a-lnf-arrey  voltage-index)  atya  (aref  t-y-a -array  voltago- Index)))) 
(•set  ( //  (•  ac  leap- voltage  (aref  SOM  vo  1  tag  as ) )  adt)  SOM  voltage -dot!)) 

(T  (aset  0.0  SOM  volUge-doU) )) 

(cond- every 

(ainclude-cas  (setq  x-cas  (vcleap-nex-x  adt  (aref  SOM  x-casS)  axcaslnf  atxcas)) 

(•set  x-cas  SOM  x-casl)) 

((not  sinclude-cas)  (setq  x-cas  0)) 

(alnclude-ca  (setq  s-ca  (vclaap-nex-x  adt  (aref  SOM  s-eaSl  aacalnf  ataca) 
x-ca  (vcleap-nex-x  adt  (aref  SOM  x-caS)  shcalnf  atPca)) 

(•set  s-ca  SOM  s-caS)  (aset  x-ea  SOM  w-caS)) 

((not  sinclude-ca)  (setq  s-ca  0  x-ca  0)) 

(T 


(setq  nax-ca-conc -spell  (♦  (a  adt  (aref  SOM  ca-eonc-sPell-dotS))(aref  SOM  ea-conc-sPellS))) 


261 


112) 


(aset  new-ea-conc-shell  SOM  ca-eonc-shel It) 

(setq  new-ca-conc-she!12  («  (*  adt  (aref  SOM  ca-conc-slte  1 12-dot!) )(araf  SOM  ca-conc-stie)12S))) 

(aset  new-ca-eonc-shell2  SOM  ca-conc-she112S) 

(aset  (ca-conc-shell-dot  (♦  {*  agbar-ca  s-ca  i-ca  w-ca  (•  *cl sap- voltage  (e-ca))) 

(*  agbar-cw  x-ca»  (-  *c leap- voltage  «e-cas ) ) )  new-cs-conc-shel 1  new-ca- cone- she 

SOM  ca-conc-slte)  t-dot!) 

(asat  (ca-conc-shel 12-dot  new-cs-conc-shel 1  new-ca-conc-shell2) 

SOM  ca-conc-shel  12-dot!)) 

(sinclude-ehp  (aaat  (vclaap-naw-x  sdt  (araf  SOM  e-shpi)  azahpinf  stzahp)  SOM  z-ahp!) 

(an t  (vclaap-new-x  adt  (araf  SOM  y-ahp!)  syahplnf  atyahp)  SOM  y-ahp!) 

(aset  (vclaap-new-x  adt  (araf  SOM  w-ahp!)  awahplnf  stwahp)  SOM  w-ahp!)) 

(aincluda-c  (aaat  (vclaap-new-x  adt  (araf  SOM  x-e!)  axelnf  atxe)  SOM  x-ct) 

(asat  (velaap-new-x  adt  (araf  SOM  y-cl)  ayclnf  *tyc)  SOM  y-cl) 

(aset  (vclaap-naw-x  adt  (araf  SC  IA  w-el)  awclnf  *twc)  SOM  w-c!)) 

(slnclude-q  (aset  (vclaap-naw-x  adt  (araf  SOM  x-q!)  axqlnf  *tq)  SOM  x-qi)) 

(ainclude-a  (aset  (vclaap-new-x  adt  (aref  SOM  x-a!)  exalnf  *ta)  SOM  x-a!)) 

(*1nclude-nap  (aset  (vclaap-new-x  adt  (aref  SOM  x-napt)  axnaplnf  *txnap)  SOM  x-napt)) 

(einclude-dr  (aset  (vclaap-new-x  adt  (aref  SOM  x-dr$)  axdrlnf  atxdr)  SOM  x-drl) 

(aset  (vclaap-new-x  adt  (aref  SOM  y-drt)  tydrlnf  stydr)  SOM  y-dr!)) 

(alnclude-a  (aset  (vclaap-new-x  adt  (araf  SOM  x-aS)  axatnf  »txa)  SOM  x-aS) 

(aset  (vclaap-new-x  adt  (aref  SOM  y-a!)  ayalnf  «tya)  SOM  y-aSll 

(ainclude-nal  (aset  (vclaap-naw-x  adt  (aref  SOM  a-nalt)  aanallnf  atanal)  SOM  a-nalt) 

(aset  (vclaap-naw-x  adt  (araf  SOM  h-naU)  shnallnf  sthnal)  SOM  h-naU)) 

(*1nc1ude-na2  (aset  (vclaap-naw-x  adt  (aref  SOM  a-na2S)  *ana2lnf  *tana2)  SOM  a-na2!) 

(asat  (vclaap-naw-x  adt  (araf  SOM  h-na2S)  atma21nf  athna2)  SOM  lt-na2S)) 

(ainclude-naS  (asat  (vclaap-naw-x  *dt  (aref  SOM  a-na3S>  Mne31nf  etaneS)  SOM  a-naSS) 

(aset  (vclaap-new-x  *dt  (aref  SOM  h-naSS)  shna31nf  »thna3)  SOM  h-na3S))))) 

(T  (satq  new-cs-conc-shel 1  (♦  (■  adt  (aref  SOM  ca-conc-she11-dotS))(aref  SOM  ca-conc-she11S))) 

(aset  naw-ca-conc-shel  1  SOM  ca-conc-shal It) 


:::  ESTIMATB-SOUA-VOLTAGE  Gen  a«w  new  talma*  f..jut2S)  often*  rcittg*  tang  tktprerieut  TOltegt 

(ndtfS).  the  preeiout  dertrate*  hohege-doti).  end  tk*  eurrt ar  talma*  of  Ik*  derirak* 

:::  (,.j*ai  -doti).  The  fit  met  ton  "AffkOX-X"  It  a ad  for  tk*  trepetotdel  approximation.  Mm*  tka  this  finale m  It 
:::  adt  required  kg  tk*  current  damp  protocol. 

’(defun  as tlaate-saaa- voltage  ( ) 

(aset 

( approx -x  (araf  SOM  voltages ) 

(aref  SOM  voltage-dot!) 

(araf  SOM  voltage-estl-dott)) 

SOM  voltaga-ast2t)) 


ES TIMA TE-DENDXTTE- VOL TdCSS  Grit  end aeret  tom  utlmat  (..m2)  of  dendrite  relttgu  i ttltg  tk* prerlout 
roltogt  (rcitageS),  the  greet  out  derteate*  feoitage-dotSL  ted  tk *  current  talma*  of  the  derteate* 

(,.*ttl -dotS).  The  finale*  "AftXOX-X  it  mad  for  tk*  trqpaetdd  a proximate a. 

(defun  estlaate-dendrlte-voltages  () 

(dollst  (DENDRITE- ARRAY  (list  SASAL-OE NORITE  APICAL-SMFT -OENORITE  APICAL- 1 -DENMUTE  APICAL-2-OE  WRITE) ) 
(If  (aref  DENORITE-ARRAY  0  INCLUOE-NES) 

(do  ((sagaant  0  (Incf  aagaent))) 

((•  sagaant  (araf  DENDRITE-ARRAY  0  total -segaants!))) 

(aset  (approx-x  (araf  DENDRITE-ARRAY  sagaant  voltage!) 

(araf  DENDRITE-ARRAY  sagaant  voltaga-dotS) 

(araf  DENORITE-ARRAY  sagaant  voltage-estl-dott)) 

OENORITE -ARRAY  sagaant  vcltage-est2l)>))) 


:::  UTDA  TE-OUTrVT-USTS  Stent  tk*  la*a  eOuet  i»  tk *  *mU»d  Umi. 

(defun  update-output- lists  () 

(let  ( (soaa- voltage  (are'  SOM  voltage!))) 

(update-soae- lists  soaa-voltage) 

(If  ainclude-dendrlte  (updau-dandriu-llsu  soaa-voltage)) 

(If  avclaap-run  ( update- vcl sap- list  soaa-voltage)))) 

:::  utda  tx-dendxite-usts 

(defun  updata-dandrlte-ltsts  (soaa-voltage) 

(updata-coupl 1ng-current-l 1st  soaa-voltage) 

(asat  si-dan-stla  adandrlta-stla-currants  apofnt-lndax) 

(cond- every 

(slnclude-dendrlte-synapst  (update- dendrite- synapse -currant- list)) 

((araf  APICAl-SMFT-OENORnE  !  includa-aa!) 

(cond- every 

((araf  APICAL- WATT-DE  WRITE  0  plot-aa!) 

(asat  (araf  APZCAL-SMFT-OENORITE  0  voltage!)  aastvolt age*  v>1nt-1ndex)) 

262 


((and  (araf  APICAL-SHAFT -OCNMITE  2  plot-ae*)  (>*  (era f  APICAL-SHAFT-DENMITE  •  WUl-aeguenU*)  3)) 
(aaat  (araf  APICAL-SHAFT-OEMMITE  2  voltages)  aaaSvoltaga*  apolnt- Index)) 

((and  (araf  APICAL-SHAFT-DENMITE  0  plot-ae* )  <>•  (araf  APICAL-SHAFT-DENMITE  0  total-ngaanta*)  5)) 
(aaat  (araf  APICAL-SHAFT-OEMMITE  *  volug**)  aaaivolUga*  apolnt-lndax)) 

((and  (araf  APICAL-SHAFT-OEMMITE  9  plot-ae*)  (>■  (araf  APICAL-SHAFT-OEMMITE  0  total -stgatntaS)  10)) 
(aaat  (araf  APICAl-SHAFT-DENMITE  9  voltage*)  saalOvolupaa  apoint-index)))) 

((araf  APICAL- l-OEMMITE  0  Includa-aaS) 

(cond-avary 

((araf  APICAL-  1-OENMITE  0  plot-aaS) 

(aaat  (araf  APICAL-1-0ENMITE  0  voltage*)  **11 voltage*  apolnt- Indax)) 

((and  (araf  APICAL-1-0ENMITE  3  plot-aaS)  (>•  (araf  APICAL- 1-OENMITE  0  total -aagaanta*)  0>) 

(aaat  (araf  APICAL- 1-OENMITE  3  voltagaS)  *a14voltagea  apoint-index)))) 

((araf  APICAL-2-DENMITE  0  Includa-aa*) 

(cond-avary 

((araf  APICAL-2-0EH0(tITE  0  plot-aaS) 

(aaat  (araf  APICAL-2 -OCNMITE  0  voltage*)  *arl  voltage  a  apolnt-lndax)) 

((and  (araf  APICAL-2-0CMMITE  3  plot-aaS)  <>•  (araf  APICAL-2-0CNMITE  0  total -aagaanta*)  *)) 

(aaat  (araf  APICAL-2-0CNMITE  3  voltagaS)  *ar4vo1tagea  apo(nt-lndax)))) 

((araf  IASAL-OCNMITE  0  Includa-aaS) 

(cond-avary 

((araf  SASAL-OENMITE  0  plot-aaS) 

(aaat  (araf  SASAL-OENMITE  0  voltagaS)  afctvoltege*  apolnt-lndax)) 

((and  (araf  SASAL-OENMITE  3  plot-aaS)  (>«  (araf  SASAL-OENMITE  0  total -aagaantaS)  «)) 

(aaat  (araf  SASAL-KNMITE  3  voltagaS)  *M voltage*  apolnt-lndax)))) 

((araf  APICAL-SHAFT -OCNMITE  0  Include-naS) 

(aaat  (nal -current  (gbar-nad  (a  (araf  APICAL-SHAFT -OENMITE  S  lengths) 

3.i4i59a-B  (araf  APICAL-SHAFT-OEMMITE  0  dlaaat ers>)> 

(araf  APICAL-SHAFT -OCNMITE  9  a-nalt) 

(araf  APICAL-SHAFT-OENMITE  0  h-nalS) 

(araf  APICAL-SHAFT-DENMITE  0  voltagaS)) 
anadl -currant*  apolnt-lndax)) 

((araf  APICAL-SHAFT-DENMITE  2  Include- cat) 

(aaat  (ca- cur  rent  (gbar-cad  (*  (araf  APICAL-SHAFT-DENMITE  2  lengths) 

3.141S9a-S  (araf  APICAL-SHAFT-DENMITE  2  dlwetar*))) 

(araf  APICAL-SHAFT-DENMITE  2  a- cat) 

(araf  APICAL-SHAFT-OEMMITE  2  w-caS) 

(araf  APICAL-SHAFT-OEMMITE  2  voltagaS)) 
acadl  -currant*  apolnt-  IndaxJ) ) ) 


;;;  TJTDATE-COUJLLNG-CUXRKJfT-UST 

(defun  updata-coupl Ing-currant- Hat  (aoaa-voltaga) 

(aaat  (•  (*  (If  (araf  SASAL-OENMITE  0  Includa-aaS) 

(g-parallei  (araf  SASAL-OENMITE  0  g-axtalS) 

(araf  SOHA  g-axtalS)) 

0.0) 

(•  a oaa- voltage  (araf  OASAL-DCMMITE  0  voltagaS))) 

(*  (If  (araf  APICAL-SHAFT-OEMMITE  0  Includa-aaS) 

(g-parallal  (araf  APICAL-SHAFT-OEMMITE  9  g-ax1alS) 

(araf  SOHA  g-axlal*)) 

0.0) 

(•  * on* -voltage  (araf  APICAL-SHAFT-OEMMITE  0  voltagaS)))) 
acoupl Ing-currant*  "point- Index^) 

;;;  UrDATg-DSMDXTTB-SYNAKX-anUWfT-LBT 
(defun  updata-dandrlte-aynapsa-current-Hst  () 

(aaat  (*  (araf  APICAL- 1 -OCNMITE  aaynapaa-aagaant  g-synapaaS) 

(•  (araf  APICAL- 1-OENMITE  aaynapaa-aagaant  voltagaS) 
aa-aynapaa)) 

adandrlte-aynapaa-curranta  apolnt-lndax) 

(aaat  (araf  APICAL- 1 -OCNMITE  aaynapaa-aagaant  g-aynapeeS) 
adan  dr Ita-aynapaa- conductance*  "point- Index; ) 

;;;  UTDATW-rCLAMT-UST 

(da fun  updata-vclaap-llat  (aaaa-voltaga) 

(aaat  (•  Of  *1ncluda-dr  (dr -currant  (araf  SOHA  x-drS)(araf  SOHA  ydrS)  aoaa-voltaga) 

0) 

(tf  atncluda-c  (e-currant  (araf  SOHA  x-cS)(araf  SOHA  y- cSXaraf  SOHA  w-cS) 

aoaa-voltaga)  9  ) 

(If  *lncluda-ahp  (ahp- currant  (araf  SOHA  z-ahpS)(aref  SOHA  y-ahpS)(araf  SOHA  w-ahpS) 

aoaa-voltaga)  0  ) 

(If  *1nclude-q  (a  (araf  SOHA  gbor-qSXaraf  SOHA  x-gS) 

(•  aoaa-voltaga  *a-k))  9.9) 

(If  alncludo-a  (a- currant  (araf  SOHA  x-aS)  aoaa-voltaga)  9  ) 

(If  alncluda-a  (a- currant  (araf  SOHA  x-aS)  (araf  SOHA  y-aS) 

MHaV|)tMl)  0  ) 

(If  *tnclude-na1  (nal-currant  (artfSOHA  gbar-nalS) 

(araf  SOM  a-nalSHeraf  SOHA  h-nalS)  SOHA-voltage)  9) 
(If  aincluda-na2  (n«2- currant  (araf  SOHA  gbar-aa2S) 

(araf  SOHA  a-no2S)(araf  SOHA  h-na2S)  SOHA-voltaga)  9) 
(If  *<ncluda-na3  (no3- currant  (artf  SOHA  gbar-aaSS) 
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(araf  SOM  e-n*3*)(»r«f  SOM  h-ne3S)  SOM-voltago)  0) 

(If  ainelude-nap  (nap-current  (aref  SOM  gtsar-napt)  (»r«f  SOHA  x-napj) 

toM-volUgt)  0  ) 

(If  alnclude-caa  (cat-current  (araf  SOM  x-casS)  aoaa-voltage)  0  ) 

(if  alnclude-ca  (ca-current  (araf  SOM  gbar-cat) 

(araf  SOM  a-cat) 

(araf  SOM  u-caS)  toaa-voltage)  0.0  ) 

(♦  (>  (If  (aref  8ASAL-OCMOMTE  0  1nc)udc-aaS) 

<*  2.0  (araf  SASAl-OENOMTE  0  g-axla1S)> 

0.0) 

(•  aoaa- voltage  (araf  SASAl-OENOMTE  0  voltage!))) 

(*  (If  (aref  APICAL-SMFT-DENORITE  0  Include-aeS) 

(a  2.0  (aref  APICAl-SMFT-DENOMTE  0  g-axlalt)) 

0.0) 

(•  aoaa- voltage  (aref  APICAl-SMFT-OOOMTE  0  vo)tag«S»» 

(1-currant  aoaa-voltage) 

(If  Xnclude-ahunt  («  «g-electroda  aoaa-voltage)  0) 

(«  «capa  (aref  SOM  voltage-dotS))) 

■currant*  *po1nt-1ndej^) 

;;;  UTDA  TB-SOHA-USTS 

(defun  update-aoaa-llate  (aoaa-voltage) 

(cond- every 

(ainelude-klnetlca 
(cond-every 
(■Include- nal 

(aaat  (aref  SOM  e-nalS)  *aa-n*i*  *po1nt-1ndex)  (aaet  (aref  SOM  h-naU)  *k-naia  apolnt-lndax) 

(aaat  (g-nal  1.0  (aref  SOM  a-na1S)(araf  SOM  k-nalt))  «g-nai*  «po(nt- Index)) 

(■Include- na2 

(aaat  (aref  SOM  a-na2S)  aa-na2«  apolnt-lndex)  (aaet  (aref  SOM  h-na2S)  *ti-n*2*  «polnt-lndex) 

(aaat  (g-na2  1.0  (araf  SOM  a-na2S)(araf  SOM  h-na2S))  *g-na2*  «potnt-1ndex)) 

(•Include- nas 

(aaet  (aref  SOM  a-na3S)  ae-na3*  apolnt- Index)  (aaat  (aref  SOM  h-na3S)  *h-na3»  (point- Index) 

(aaet  (g-na3  1.0  (aref  SOM  a-na3S)(araf  SOM  h-na3S))  *g-na3«  «po1nt- Index)) 

(•1ncluda-ca 

(aaet  (araf  SOM  a-caS)  «a-ca*  apolnt-lndax)  (aaet  (araf  SOM  w-caS)  aw-ca*  apolnt-lndex) 

(aaat  (g-ca  1.0  (aref  SOM  a -cat) (araf  SOM  veaS))  «g-ca«  apolnt-lndax)) 

(■Include- dr 

(aaet  (aref  SOM  x-drS)  «x-dr«  apolnt-lndax)  (aaat  (aref  SOM  y-drt)  ay-dr«  apolnt-lndex) 

(aaet  (g-dr  1.0  (aref  SOM  x-drS)(aref  SOM  y-drS))  «g-dr*  apolnt-lndex)) 

(*1ncluda-a 

(aaet  (araf  SOM  x-aS)  *x-a*  apolnt-lndex)  (aaet  (aref  SOM  y-aS)  *y-aa  apolnt-lndex) 

(aaet  (g-a  1.0  (aref  SOM  x-aS)(araf  SOM  y-aS))  *g-a*  apolnt-lndex)) 

(•tncluda-ahp 

(aaet  (aref  SOM  z-ahpt)  az-ahpa  apolnt-lndex)  (aaet  (araf  SOM  y-ahpS)  ay-ahpa  apolnt-lndex) 

(aaet  (aref  SOM  w-aftpl)  aw-ahpa  apolnt-lndex) 

(aaet  (g-ahp  1.0  (araf  SOM  >-ahpS)(aref  SOM  y-ahpS)(araf  SOM  »-akp*))  ag-ahpa  apolnt-lndax)) 
(aincluda-c 

(aaat  (aref  SOM  x-cS)  «x-c*  apolnt-lndax)  (aaat  (araf  SOM  y-cS)  *y-ca  apolnt-lndex) 

(aaet  (aref  SOM  u-cS)  **-e*  apolnt-lndex) 

(aaet  (g-c  1.0  (aref  SOM  x-cS)(arof  SOM  y-cS)(aref  SOM  w-cS))  «g-c«  apolnt-lndex)))) 

(t 

(aaet  (a  i.0e-3  «t1ee)  atlnea  apolnt-lndex)  (aaet  aoea- voltage  avoltaga*  apolnt-lndex) 

(aaet  (1-current  aoaa-voltage)  *1 -current*  apolnt-lndax) 

(aaet  («  acapa  (aref  SOM  voltage-dotS))  »capa-eurrenta  apolnt-lndax) 

(aaet  (*  *1 -constant- Inject! on  *1-it1a)  aatla- current*  apolnt-lndex) 

(aaet  (a-ca)  aa-ca*  apolnt-lndax) 

(aaet  (aref  SOM  ca-conc-aliellS)  «ca-conc-ahel1*  apolnt-lndex) 

(aaet  (araf  SOM  ca-conc-shel 12S)  «ca-conc-ahell2a  apolnt-lndax)) 

(alncludo-shunt 

(aaet  (*  ag-olactrode  aoaa-voltage)  ** hunt-current*  apolnt-lndax)) 

( alncluda-nal 

(aaet  (nal- current  (araf  SOM  gbor-nalSMoref  SOM  *-na1S)  (araf  SOM  k-nalS)  SOM-voltago) 

■nal -current*  apolnt-lndex)) 

((IfICludl'ftAt 

(aaet  (naZ-currant  (araf  SOM  gbar-na2S)(arof  SOM  u-naZS)  (aref  SOM  k-naZS)  SOM-voltas*) 
mat -currant*  apolnt-lndax)) 

(aaet  (*a3- currant  (araf  SOM  gbar-naSSHaref  SOM  u-naSS)  (aref  SOM  h-ne3S)  SOM-voltago) 
aneS-current*  apolnt-lndax)) 

(xtnclude-ca 

(aaat  (ca-current  (araf  SOM  gbar-eaSHaraf  SOM  a-caS)  (araf  SOM  w-caS)  aoM-voltago) 
ace-currant*  apolnt-lndax)) 

(*lncludo-nap 

(aaet  (nap- current  (aref  SOM  gbar-napSKaref  SOM  x-nopS)  aoaa-voltage) 
anap- current*  apolnt-lndex)) 

(alncludo-eao 

(aaet  (caa- cur  rant  (aref  SOM  x-ca*S)  toua-voltaga) 

*coa-curronta  apolnt-lndax)) 

(alnclude-c 

(aaet  (c-current  (araf  SOM  x-cSXarof  SOM  ycSXarof  SOM  vcS)  aoM-voltago) 
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*c-current*  (point- Index)) 

(dnclude-ahp 

(Met  (ahp- current  (*r«f  SOMA  z-ahpS)(ar*f  SOMA  y- ahp*) (aref  SONA  w-ahp*)  soae-voltage) 
(ahp-current*  (point- Index)) 

((Include-* 

(eset  ((-current  (eref  SOMA  x-a$)  soae-voltage)  ((-current*  (point- Index)) 

(slnclude-dr 

(eiet  (dr-current  (eref  SOMA  x-drS)(aref  SOMA  y-drt)  soae- voltage)  (dr-current*  (point-index)) 
((Include-* 

(uet  (e-current  (eref  SOMA  x-e$)  (eref  SOMA  y-eS>  soaa-voltag*) 

(e-current*  (point- Index)) 

(dnclude-q 

(Met  (*  (eref  SOMA  gb*r-qt)(aref  SOMA  x-q*)(-  soaa-voltag*  *e-k)) 

*q-current*  (point-index)) 

( *1nclude-soaa-synapse 

(Met  («  (aref  SOMA  g-synapa«S)(-  loan- voltage  ae-aynapae)) 

«soaa-aynaps*-current*  (point-index) 

(Met  (aref  SOMA  g-aynapseS)  *aoaa-tynapse-conductance* ^point-index^))) 


;;;  V-DOT  Gleet  tk e  dortrottro  of  tko  membrane  milage  gtren  Ikt  current  conductances,  tko  membrane  (fftat 
tko  adjacent  reiteges,  tko  loed  tel  tog*,  end  toy  Infected  current. 

(defun  v-dot  (g-coupllng-left  g-coupllng-rlght-1  g-coupllng-rlght-2  g-aaabrane  driving-voltage 
voltage- left  voltage  voltage-rlght-1  voltage-rlght-2  capacitance  1- Injected) 

(If  (■  capacitance  0.0)  0.0 

(//  (♦  (*  g-aaabrane  (•  driving-voltage  voltage)) 

1- Injected 

((  g-coupllng-left  (-  voltage-left  voltage)) 

((  g-coupllng-rlght-1  (•  voltage-rlght-1  voltage)) 

(*  g-coupllng-rlght-2  (•  voltage-rlght-2  voltage))) 
capacitance))) 

;;;  TKAP-APPMOX  Computet  tko  trepesoUd  err  roam  at  Ion  of  a  ttmo  rerieble  that  It  detcribed  bp  flrtt  order 
kinetics  gtren  tko  old  rdue  of tko  rurleble.  the  old  rodeo  of  to  dortrottro,  tko  new  rdue  of  to  turnip 
;;;  ttett.  and  tko  otm  rdue  of  to  ttmo  const  ext. 

(defun  trap-approx  (x-old  x-old-dot  x- Inf -new  tau-x-naw) 

(//  (♦  x-old  (*  (//  *dt  2.0)  (•  x-old-dot  (//  x-lnf-new  tau-x-naw)))) 

(•  1.0  (//  «dt  (a  2.0  tau-x-naw))))) 

.'.7  VCLAMP-NXW-X 

(defun  vclaap-new-x  (dt  x-old  x-lnf  tau-x) 

(♦  x-lnf  ((  (-  x-old  x-lnf)  (exp  (•  (//  dt  tau-x)))))) 

APPKOI-J  Cdadetet  xfnd)  using  tropototdol  approximation  with  tko  orptmontt 
:::x(oJ.  nfnf-dot,  am dn(ndf-dot. 

(defun  approx-x  (xO  xO-dot  xl-dot) 

(♦  xO  (*  (//  *dt  2.0)(«  xO-dot  xl-dot)))) 


:::  DXDT-EQ  cdadetet  tko  dortrottro  of  tko  steto  rurtubto  (x-dot)  according  to  origtnd  different  Id  ogeatton 
tkar act o rising  tko  gating  rerlables. 

(def'j"  dxdt-eq  (x  x-lnf  t-x) 


(//  (-  x-lnf  x)  t-x)) 


;;;  TEST  return  true  If  difference  between  arguments  Is  lost  tkm  “option", 
a d  otkerelte. 

(defun  test  (x  y) 

(cond  ((>  (abs  (•  x  y))  (epsilon)  nil) 

(T  T))) 


;  niMT-hUUbtrnatS  Print  dt  tko  paremetort  for  the  eurrrem  main  tko  Interaction  pone. 

(defun  prlat-peraaaters  ( ) 

(sand  teralnal-lo  i refresh)  (send  teralnal-lo  : hone-cursor )  (sand  taralRal-lo  iset-font-aap 
at  t  *Taap.  -2dC,  *  (teaperature)  (foraat  t  *T1a*  stop  [asae]  -Of,  •  *dt  ) 

•Sons  E-RMt  -Of.  *  (aref  SOMA  e-rMtS))  (foraat  t  *E-leak  (Sons)  -of-s*  *e-l) 
*C-Laak  (Dendrite)  -Of,  •  *ad-l) 

•f-K  -Of,  *  aa-k)  (foraat  t  •£-**  -Of.  ■  «e-ca)  (foraat  t  "E-dr  -Of.  •  *e-dr) 
•E-na  -Of.  •  «e-na)  (foraat  t  *k-Soaa  [HOha]  -Of  -%•  ill  1.0  «gs-l)) 

'Sons  aaat).  res.  [ohas-sq  ca]  -Of,  *  srs-aaa) 

•Soma  cap.  [nF]  -Of.  *  (caps) 

‘Sons  rod.  [ale's]  -Of  -tm  asoaa-rsdlus) 

"Sob*  Spec  cap.  [alcroF/sq-ca]  -Of,  *  «copo  bob) 

(foraat  t  ’Dendrite  Spec  cap.  [alcroF/oq-ca]  -Of  -S*  (capd-aoa) 

(foraat  t  •Dendrite  aaab.  res.  (ohas-sq  ca]  -Of,  *  ard-aoa) 

(foraat  t  'Axoplasalc  rn.  [ohas-  ca]  -Of  -t*  ard-lnt) 

(If  sinclude-shunt  (foraat  t  ’Electrode  shunt  [Noha]  -Zf  -*•  ar-olectrodo) 

(foraat  t  "No  electrode  shunt  -*•)) 

(If  alnctude-nal  (foraot  t  *gMal  [alcroS]  -Of.  •  (aref  SONA  ghar-nalS)) 

(foraat  t  *I-nal  poisoned,  *)) 


•( fonts  this)) 


it  t 
it  t 
it  t 
it  t 
it  t 

it  t 
t 
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(<f  *1nclud*-n*2  (foraat  t  *gNa2  [alcroS]  -4f,  *  (aref  SOHA  gb*r-na2S)) 

(foraat  t  *I-na2  polaonad,  *)) 

Of  alncluda-naS  (foraat  t  *g#»3  [alcroS]  -Of,  *  (artf  SOHA  gbar-naSS)) 

(foraat  t  ‘I-mJ  polaonaO.  *)) 

Of  *1nclude-ca  (foraat  t  *gCa  [alcroS]  -4f-r  (araf  SOHA  gbar-caS)) 

(foraat  t  *I-ca  polaonaO-**)) 

Of  ainctuda-nap  (foraat  t  *gN*P  [alcroS]  -4f,  *  (araf  SOHA  gbar-napS)) 

(foraat  t  "I-KaP  polaonaO.  *)) 

Of  alnclude-caa  (foraat  t  *gCaa  [alcroS]  -4f  -**  (artf  SOHA  gbar-eaat)) 

(foraat  t  *I-caa  polaonaO  -**)) 

Of  *includ*-c  (foraat  t  *gC  [alcroS]  -of,*  (araf  SOHA  gbar-cS)) 

(foraat  t  *I-C  polaonaO.  *)) 

(If  >1nc1wOa-alip  (foraat  t  *gAHP  [alcroS]  -4f,*  (araf  SOHA  gbar-ahpS)) 

(foraat  t  *1-AHP  polaonaO.  *)) 

(If  alncluda-a  (foraat  t  *gH  [alcroS]  -4f ,  *  (araf  SOHA  gbar-aS)) 

(foraat  t  *I-H  polaonaO,  «)) 

Of  aincludo-dr  (foraat  t  *gOR  [alcroS]  -4f.  *  (araf  SOHA  gbar-drS)) 

(foraat  t  *I-DR  polaonaO,  •)) 

Of  (and  aincluda-dr  «  adr-block  1.0))  (foraat  t  *0R  block  >  -Af  *dr-block)) 

(If  *1nc1uOa-a  (foraat  t  *-*gA  [alcroS]  -4f-*-**  (araf  SOHA  gbar-aS)) 

(foraat  t  *I-A  polaonad-*-**)) 

(conO- ovary 

((araf  APICAL -SHAFT-DENORITE  6  IncluOa-aat) 

Oat*  ( ( laada  (*  (//  (a  «rO-aaa  (//  (araf  APICAL-SHAFT -DEHORITE  0  dtaaatart)  2.0)  10000.0) 

(«  2.0  «rd-1nt))  0.5)) 

(L  W  (<  (araf  APICAL-SHAFT-OENORITE  0  total-aagaantaS) 

(araf  APICAL-SHAFT-DCNMUTE  0  langthS))  laaOa))) 

(foraat  t  ‘Apical  abaft  dan dr  It*  with  >20  aagatnta.  Langth  •  -Of  a 1 cron*.-** 

(araf  APICAL -SHAFT-DENDRITE  0  total -aogaantaS) 

(a  (araf  APICAL-SHAFT -OENORITE  0  total -aagaantaS) 

(araf  APICAL-SHAFT -DENDRITE  0  langtbt))) 

(foraat  t  *  Sagaant  langth  •  -40  alcrona.  Olaaatar  a  -2f  alcrona.  Laada  a  -4f.  L  •  -4f-** 
(araf  APICAL -SHAFT-DENDRITE  0  langthS) 

(araf  APICAL-SHAFT -OENORITE  0  OlaaatarS) 

laada 

L) 

(foraat  t  *  (Laada (par  aagaant)  a  -4fx* 

(*  100.0  (//  (araf  APICAL-SHAFT-OENDRITE  0  langthS)  laada))  ))) 

((araf  APICAL- 1 -DENDRITE  0  Includt-aaS) 

(lata  ((laada  r  (//  (a  srd-aaa  (//  (araf  APICAL- 1 -DENORITE  0  OlaaatarS)  2.0)  10000.0) 

(a  2.0  ard-lnt))  0.5)) 

(L  (//  (*  (araf  API CAL- 1 -OENORITE  0  total -aagaantaS) 

(araf  APICAL- 1 -DENDRITE  0  langthS))  laada))) 

(foraat  t  *-*Laft  apical  den  dr  It*  branch  with  -2d  aagaant*.  Langth  •  -4f  alcrona.-** 

(araf  APICAL-1-OENORITE  0  total -aagaantaS) 

(»  (araf  APICAL- 1 -DENORITE  0  total -aagaantaS) 

(araf  APICAL- 1 -OENORITE  0  langthS))) 

(foraat  t  '  Langth  ■  -4d  alcrona.  Olaaatar  •  -2f  alcrona. Laada  ■  -4f.  L  ■  -4f-** 

(araf  APICAL-1 -OENORITE  0  langthS) 

(araf  APICAL-1 -DENDRITE  0  OlaaatarS) 
laada 
L  ) 

(foraat  t  *  (Laada (par  aagaant)  •  -4ft* 

(a  100.0  (//  (araf  APICAI-1-0EN0RITE  0  langthS)  laada))  >)) 

((araf  APICAl-2-OENORITE  0  Includo-aeS) 

(lata  ((laada  <A  (//  (a  *rd-aaa  (//  (araf  APICAL-2-0EN0RITE  0  dlaaatarS)  2.0)  10000.0) 

(a  2.0  ard-lnt))  8.5)) 

(l  (//  (a  (araf  APICAL-2-OENORITE  0  total-aagaantaS) 

(araf  APICAL-2-0EH0RITE  0  langthS))  laada))) 

(foraat  t  *-*Right  apical  dandrlta  branch  »lth  -2d  aagaant*.  Langth  •  -4f  alcrona.-** 

(araf  APICAL-2-0EN0RITE  0  total-aagaantaS) 

(a  (araf  AFICAL -2 -OENORITE  0  total -aagaanus) 

(araf  APICAL-2-DENORITE  0  langthS))) 

(foraat  t  *  Langth  •  -4d  alcrona.  Olaaatar  ■  -2f  alcrona. Laada  •  -4f.  L  ■  -4f-** 

(araf  APICAL-2-0EN0RITE  8  langthS) 

(araf  APICAL-2 -OENORITE  g  dlaaatarS) 

lwda 

L  ) 

(foraat  t  *  (Laada (per  aagaant)  ■  -4ft* 

(a  100.8  W  (araf  APICAL-2-0EN0UTC  8  langthS)  laada))  ))) 

((araf  SASAl -OENORITE  0  Include-atS) 

(lata  ((laada  (*  (//  (a  ard-aaa  (//  (araf  IASAL-DENDRITE  0  dlaaatarS)  2.0)  10000.8) 

(a  2.0  ard-lnt))  0.5)) 

(L  (//  (*  (araf  lASAL-DEMMITE  8  total -ae—entaS) 

(araf  SASAL-OENORITE  8  langthS))  laada))) 

(foraat  t  *-*Saaa1  dandrlta  with  -2d  aagaonta.  Langth  ■  -4f  alcrona.-** 

(araf  SASAl -OENORITE  0  total -aagaantaS) 

(a  (araf  SASAL-OENORITE  0  total-aagaantaS) 

(araf  SASAL-OENORITE  8  langthS))) 

(foraat  t  *  Length  •  -4d  alcrona.  Olaaatar  •  -2f  alcrona. Laada  ■  -4f.  L  ■  -4f-** 

(Araf  SASAL-OENORITE  8  lengths) 

(araf  SASAL-OENORITE  8  dlaaatarS) 
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lMda 

L  ) 

(foraat  t  *  XLaada(par  aegaent)  ■  -4ft* 

(«  100.0  (//  {araf  BASAL-OENDAITE  0  lengths)  laada))  ))>) 

(foraat  t  *-X~*T1oe  required  to  reach  *ta*dy-it*te  -4f  aaac  *  *t1e*-for-itaady-it*t*) ) 

:::  MAXS-USTt 

(defun  aaka-Hstl  () 

(aatq  aplot-llatl  nil 
alabol-Kstl  nil) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (list  ’(avoltaga*  .  atlaa*))) 
alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nl)  *3oaa*)))) 

(cond-avary 

((araf  APICAL-SHAFT-OENOAITE  0  Includa-aaS) 

(cond-avary 

((araf  APICAL-SHAFT -DENOAITE  0  plot-aaS) 

(aatq  *plot-11*tl  (nconc  aplot-llatl  (Hat  '(»aalvoUaga»  .  atlaa*))) 

■labal-liati  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Shaft  Sag  1*))))) 

((and  (araf  APICAL-SHAFT-OENOAITE  2  plot-aaS)  (>•  (araf  APICAL-SHAFT-OENOAITE  0  total -eogaantat)  S>) 
(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  '(aaaSvoltage*  .  *t1aa*)>) 

alabal-Hatl  (nconc  alafaal-Hatl  (Hat  (foraat  nil  'Shaft  Sag  3*))))) 

((and  (araf  APICAL-SHAFT-OENOAITE  «  plot-oat)  (>■  (araf  APICAL-SHAFT-OENOAITE  0  total -aogaantaS)  5)) 
(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  ’(xaaSvoltagaa  .  atlaa*))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Shaft  Sag  S*))))) 

((and  (araf  APICAL-SHAFT-OENOAITE  S  plot-aaS)  (>•  (araf  APICAL-SHAFT-OENOAITE  0  total -aagaantaS)  10)) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  *(aaa10vo1taga«  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Shaft  Sag  10*))))))) 

((araf  APICAL- 1-OENOAITE  0  Include -act) 

(cond-avary 

((araf  APICAL- 1-OENOAITE  0  plot-aaS) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  ’(*4 11  voltage*  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Left  Sagaant  1*))))) 

((and  (araf  APICAL- 1-0EN0AITE  3  plot-oat)  (>*  (Araf  APICAL- 1-OENOAITE  0  total -aagaantaS)  «)) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  ’(aalAvoltaga*  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Left  Sagaant  0'))))))) 

((araf  APICAL-Z-OENOAITE  0  Includa-aaS) 

(cond-avary 

((araf  APICAL-Z-OENOAITE  0  plot-aaS) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  '(aarlvoltagaa  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Alght  Sagaant  1*))))) 

((and  (araf  APICAL-Z-OENOAITE  3  plot-aaS)  (>■  (araf  APICAL-Z-OENOAITE  0  total-aagaantaS)  «)) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  ’(aarovoltago*  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Alght  Sagaant  4'))))))) 

((araf  SASAL-0EN0AITE  0  Include -aeS) 

(cond-avary 

((araf  BASAL- GENOA ITE  0  plot-aaS) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  ’(ablvoltagas  .  atlaaa))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Baaal  Sagaant  1'))))) 

((and  (araf  8ASAL-DEN0AITE  3  plot-aaS)  (>•  (araf  BASAL-DEHNUTE  0  total -aagaanUS)  4)) 

(aatq  aplot-llatl  (nconc  aplot-llatl  (Hat  '(*b4voltaga*  .  atlaa*))) 

alabal-Hatl  (nconc  alabal-Hatl  (Hat  (foraat  nil  'Baaal  Sagaant  4*))))))))) 

:::  MAKE-UST3 

(defun  aaka-llats  () 

(aatq  *piot-Hat3  nil 
*1abal-11at3  nil) 

(if  *1nclud*-dr 

(aatq  aplot-HaU  (nconc  *plot-11at3  (Hat  •(**■  -currant*  .  atlaa*))) 

*lab*1-!1*t3  (nconc  alabol-llatS  (Hat  (foraat  nil  *0A  Currant*))))) 

(if  *1ncluda-a 

(aatq  aplot-11at3  (nconc  *plot-11at3  (Hat  ’(**- currant*  .  atlaa*))) 

*1abol-11at3  (nconc  alabal-llaU  (Hat  (foraat  nil  *A  Currant*))))) 

(if  alncluda-a 

(aatq  aplot-ltetS  (nconc  *plot-Hat3  (Hat  '(^-current*  .  atlaaa))) 

alabal-llaU  (nconc  alUel-llsU  (Hat  (foraat  nil  'A  Currant'))))) 

(If  *1ncluda-c 

(aatq  nplot-HaU  (nconc  ^let-HaU  (Hat  •(•c-curmnt»  .  «t1na*))) 

alabal-llaU  (nconc  *labol-11aU  (Hat  (foraat  nil  *C  Currant*))))) 

(If  *1ncloda-ahp 

(aatq  aplot-llaU  (nconc  aplot-HaU  (Hat  ’(*ahp-currant*  .  atlaa*))) 

•tabal-HaU  (nconc  alabal-llaU  (Hat  (foraat  nil  *AMP  Currant*))))) 

(If  alncluda-q 

(aatq  aplot-HaU  (nconc  aplot-HaU  (Hat  ’(*q- currant*  .  atlaa*))) 

alabal-llaU  (nconc  alabal-llaU  (Hat  (foraat  nil  *Q  Currant*))))) 

(If  ilncludi'dMNlrlti 

(aatq  aplot-HaU  (nconc  aplot-llaU  (Hat  ’(acoupllng-eurranta  .  atlaa*))) 

aldml-HaU  (nconc  alabal-llaU  (Hat  (foraat  nil  'Soaa-dandrtu  Currant*))))) 

(aatq  aplot-HaU  (nconc  aplot-HaU  (Hat  ’(al-eurrant*  .  atlaa*)" 

alabal-llaU  (nconc  alabal-llaU  (Hat  (foraat  nil  *L  Currart*)))) 

(If  aincluda-ahunt 

(aatq  aplot-HaU  (nconc  aplot-HaU  (Hat  ’ ( **hont-curr*nt»  .  atlaa*))) 
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slabel-llstS  (nconc  *)abel-llst3  (list  ( format  nil  ‘Shunt  Current*)))))) 


;:;MAU-UST2 
(defun  *ake-11st2  () 

(setq  *p1ot-l 1st2  nil 
slabe1-11st2  nil) 

(cond  (*lndude-nal 

(setq  *plot-11st2  (nconc  *plot-11st2  (list  ’(*na1-current*  .  *t1me*))> 

*)abel-11st2  (nconc  slabel-11st2  (list  (format  nil  *N«1  Current*)))))) 
(cond  (*1nclude-na2 

(setq  *p1ot-11st2  (nconc  *p1ot-11st2  (list  *(*na2-current*  .  atlae*))) 

*)abel-li*t2  (nconc  *labe1-list2  (list  (format  nil  *Na2  Current*)))))) 
(cond  (tlnc1ude-na3 

(setq  »plot-11st2  (nconc  *p1ot-11st2  (Hat  ’ ( *na3-current*  .  *t1me*))) 

*label-llst2  (nconc  *label-1lst2  (list  (format  nil  *Ne3  Current*)))))) 
(cond  (alnclude-nap 

(setq  *p1ot-11st2  (nconc  *plot-11st2  (list  '(snap-current*  .  atlme*))) 

•label-llstt  (nconc  *1abel-11st2  (list  (format  nil  *ttaP  Current*)))))) 
(cond  (slnclude-cas 

(setq  *p1ot-11st2  (nconc  *plot-11st2  (list  '(scss-current*  .  atimea))) 

•label -11st2  (nconc  «)abe1-11st2  (list  (format  nil  *Cas  Current*)))))) 
(cond  (ainclude-ca 

(setq  splot-11st2  (nconc  aplot-11st2  (list  • ( ace-current*  .  atlme*))) 

alabel-llst2  (nconc  alabel-11st2  (list  (format  nil  *Ca  Current*)))))) 
(setq  *p1ot-11st2  (nconc  *plot-11st2  (list  '(*caps-currenta  .  atlme*))) 

a1abel-11st2  (nconc  *1abe1-1ist2  (list  (format  nil  ‘Cap  Current*))))) 


;;;  HAXE-UST4 
(derun  make-llsta  () 

(setq  aplot-llsts  nil 
•label -lists  nil) 

(If  slnclude-dendrlte-synapse 

(setq  aplot-llstS  (nconc  aplot-llstS  (list  '(sdendrlte-synapse-current*  .  atlme*))) 
slabel-llsts  (nconc  alabel-llsts  (list  (format  nil  “Dendrite  Synapse*))))) 

(If  * Include- soma -synapse 

(setq  aplot-llsts  (nconc  aplot-llsts  (list  ’ ( *soma-synapse-current*  .  atlme*))) 
•label-lists  (nconc  *labet-11stS  (list  (fonaat  nil  *Soaa  Synapse*))))) 

(setq  aplot-llstS  (nconc  aplot-llstS  (list  '(astlm-currenta  .  atlme*))) 

■label-lists  (nconc  *1abel-11ats  (list  (format  nil  ‘Some  Stimulus*)))) 

(setq  aplot-llsts  (nconc  *plot-11stS  (list  *(*dendr1te-st1m-current*  .  nine*))) 
■label-lists  (nconc  slabel-llstS  (list  (format  nil  ‘Dendrite  Stimulus*))))) 

HAKE-UST5 
(defun  make- lists  () 

(setq  *p1ot- lists  nil 
■label-lists  nil) 

(setq  aplot-llsts  (nconc  *p1ot-11st5  (list  ’(*ca-conc-shell«  .  *tlme*))) 

•label- 11it5  (nconc  *label-11stS  (list  (format  nil  ’Shell  Ca  Concentration*)))) 
(setq  *plot-1latS  (nconc  *plot-llst5  (list  M*ce-conc-shell2s  .  atlme*))) 

slabel-llstS  (nconc  *label-11stS  (list  (format  nil  *Shell2  Ca  Concentration*))))) 


FLOT- RESULTS  Flot  off  tkt  output  Ustt  mtemstleottp, 

(defun  plot-results  () 

(cond  (*1cla«p-run  (plot-current-clamp)) 

(*vclaap-run  (plot-voltage-clamp)))) 

:::  FLOT-CURRENS-CLAMF 
(defun  plot-current-clamp  () 

(make-llstl)  (make-11st2)  (make-11st3)  (make-lists)  (make-11st5) 
(send  *p)ot-pane-)  .-plot  *Soms  And  Dendritic  Potentials  [ev]  * 
aplot-llstl 
*label-11stl 

:all-so11d-lines  aplot-voltages-solld 

ly-mln  -90 

:y-aax  SO 

»y- interval  10 

: over lay  •overlay-simulations 
■leave-window  *over lay-simulations) 

(send  aplot-pene-2  iplot  ‘Inward  Soma  Currants  [naj* 
aplot-llstZ 
•label -1  Is t2 
ty-mln  -10 
ly-mex  0 
sy-lnterval  2 

: over lay  *over lay-si mu  let Ions 
: leave-window  »over ley- simulations! 

(send  aplot-penc-3  iplot  ‘Outward  Soma  Currents  [na]* 

•plot-lists 
•label-lists 
:y-m1n  -S 
:y-nsx  10 
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:y-1nterval  2 

: over ley  soverley-slnuletlons 
:  leave-window  soverlay-slaulatlons) 

(land  *p1ot-pane-4  :p1ot  ’Stlaulus  and  Synapse  Conductance  Currents  [na)* 
spiot-liste 
s1abel-11st4 
:y-1nterva1  .25 
:overlay  soverlay-slaulatlons 
: leave -window  soverlay-slaulatlons) 

;  (If  (or  (aref  APICAl-SHAFT-DENOAITE  3  Include-nat)  (aref  APICAL-SHAFT -DENDRITE  3  Include-caS)) 
;  (send  splot-pane-5  .-plot  ’Dendrite  Currents  [nej* 

(send  >plot-pane-5  :plot  *Ca  Concentration  In  Sited* 

*p1ot-11st5 
slabel-llst5 
;  sy-e  n  -10 

;  :y-aax  10 

;  :y- Interval  2 

: over  ley  soverlay-slaulatlons 
:1eave-w1ndow  soverlay-slaulatlons) 
nil) 


:::  HJOT-  VOL  TAGE-CLAMT 
(defun  plot-voltage-elaap  () 

(aake-llstl)  (aake-11st2)  (aake-11st3) 

(send  splot-pene-1  :p1ot  *Soaa  And  Oendrltle  Potentials  [av]  ■ 
splot-listl 
slabel-llstl 

:all-sol1d-11nes  splot-voltages-aolld 
:y-a1n  -90 
:y-aax  40 
ty-lnterval  10 

: over ley  soverlay-slaulatlons 
: leave-window  soverlay-slaulatlons) 

(send  spiot-pene-5  :p1ot  ’Voltage  Claap  Soaa  Potential  [sW]  * 
’((svoluges  .  stlae*) ) 

(list  (foraat  nil  ’Soaa  claap  voltage*)) 

:al1-sol Id-lines  splot-voluges-solld 

:y-a1n  -90 

:y-aax  40 

:y- Interval  10 

: over lay  soverlay-slaulatlons 
i leave-window  soverlay-slaulatlons) 

(send  spiot-pane-3  .-plot  'Outward  Soaa  Currents  [na]* 
splot-11st3 
slabel-11st3 
:y-a1n  -4 
:y-aax  10 
jy-lnterval  2 

: over  ley  soverlay-slaulatlons 
s leave-window  soverlay-slaulatlons) 

(send  spiot-pane-2  :p1ot  ’Inward  Soae  Currents  [na]* 

*p1ot-l Ist2 
*latie)-11st2 
:y-a1n  -10 
ty-aax  S 
:y- Interval  2 

: over ley  soverlay-slaulatlons 
j leave-window  soverlay-slaulatlons) 

(send  splot-pene-4  :plot  ’Total  Claap  Currant  [na]* 

*(( (currents  .  stlae*)) 

(list  (foraat  nil  ’Soae  current  ■)) 

: over  lay  soverlay-slaulatlons 
:le*vs-w1ndow  soverlay-slaulatlons)) 


(defflavor  plot-fraaa 
() 

( tv > border ed-cons train t-fraae) 
i settable- Instance- varied las 
( idefault-Intt-pUst 
iact1vata-p  t 
i expose -p  t 
■save-bits  t)) 


(tv: add-select-key  #\h  ’plot-fraaa  ’Hlppocaapus*  ’(startup)  t) 

STAJTTVf  StM?  up  Me  tbmulmtom  ftwitt  with  6  plot  panes  for  tkt  refoaar  Uai  and  ana 

pane  for  iafut  nan  porameMr  priming. 

if flavor  tv:p1otter-panc  ()  (giplot-beck  tvipane-alxln)) 


ft » Ittwaw 


***  . 

(defflavor 
(da fun  startup  () 
( tv: aaka -window 
’plot-fraaa 
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panes  '((aplot-pane-1  tv:plotter-pane 

: label  'Voltages  In  Soaa  And  dendrites') 

(«plot-pane-2  tv: plotter-pane 

:  label  'Outward  Currents  In  Soaa*) 

(splot-pane-3  tv:plotter-pane 

: label  'Inward  Currents  In  Soaa*) 

(xplot-pane-4  tv:p!otter-pane 

: label  'Stiaulus  and  Synapse  Conductance  Currents  fna]') 
(apiot-pane-5  tv: pi  otter-pane 

.•label  'Calciua  Concentrations') 

(Interaction-pane  tv: lisp- listener 

: label  "HIPPOCAMPAL  PYRAMIDAL  CELL  SIMULATION*)) 

•  configurations  '((cl 

(: layout 

(cl  :coluan  rl  rZ  xplot-pane-l ) 

(rl  :row  Interaction-pane  c2) 

(r2  :row  aplot-pane-2  *piot-pane-3) 

(c2  :coluan  *plot-pana-S  splot-pane-4)) 

( :s1zes 

(cl  (aplot-pane-1  200) 

:then  (r2  200) 

••then  (rl  .-even)) 

(rl  (interaction-pane  .S00) 

:tben  (c2  -.even)) 

(r2  (splot-pane-2  .SO) 

:then  (*plot-pane-3  -.even)) 

(c2  (*p1ot-pane-5  .5) 

:then  (splot-pane-*  :aven))))) 

expose- p  t) 

(naae-plot-panes) 

(variable-array-setup)) 


NAME- PLOT- PANES  Namt  tkt  plot  window!.  Tkty  mutt  bt  drtudp  in  plttoo 
tut  first  go  tkt  tkt  corresponding  Lisp  window 
(defvar  Interaction-pane) 

(derun  naae-plot-panes  () 

(loop  for  pane  In  (send  (send  tv:selectad-w1ndow  : super  lor)  inferiors) 
with  count  •  1 

when  (ty pep  pane  'tv:plotter-pane) 

do  (set  (intern  (foraat  nil  'sPLOT-PAME— 0*  count))  pane) 

(Incf  count))) 


SETUP-STIMULUS  Updates  tkt  stimulus  currtns  to  tkt  torn*  tnd  tkt  dtndritu  for  airrtnt  damp,  or  tkt  damp 
sdtogt  for  tdtagt  damp. 

(derun  setup-stlaulus  () 

(cond  (siclaap-run  (set-soaa-current-stlaulus)  ;Sat  up  tkt  stimulus  currant  to  tkt  soma. 

(set-dendrite  current-stlaulus))  :Stt  up  stimulus  currant  to  tkt  dtndrltt. 

( »vc leap -run  (set-soas-volt sge-stiaulus  *tiae-step))>) 


;;;  CLAMP 
(defun  claap  () 

( setup-aenua )  ;Sti  up  currant  damp  run.  Salt  •rdamp-run  and  midamp~run. 

(with out- floating-under flow- traps 
(If  »ca  leu  late -steady- state 

( Initial 1;a-w-new-staady-state) 

( Ini tlallze-w-old-staady-s tats)) 

(setg  atlas  0.0) 

(cl:t1ae  (run-claap)) 

(nm-claap) 

(beep)  (beep) 

;  (reverse- llsu) 

(If  aplot-resulu  (plot-results) ) 

(prlnt-p araaeurs)) 

(beep) 

(setp  *first-run  nil)) 


(defun  au toe leap  ( ) 

(setup-aenua ) 

(autoclaap2  (list  *voltage2-nora2a  *volUge3-nora2a  avolUge4-nora2*) ) 
(set*)  atnclude-a  nil) 
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(autoclaap?  (list  *voltage2-wout-a2*  *voltage3-#out-a2*  avoltage4-wout-a2«)) 
(plot-results) 

(prlnt-peraMters)) 


(defun  autoclaap!  (second-vllst) 

(do  ((stlaulus-llst  '(0.33  0.3S  0.3?  )  (edr  stleulus-1 1st  )) 
(voltage-list  second-vllst  (cdr  voltage-list)) 

(voltage -array)) 

((null  voltage- list)) 

(setq  voltage-array  (car  voltage-list) 

*1-stla-1  -0.5 

«t-st1a-1  20.0 

st-stla-2  1000.0 

ai-stla-2  (car  stlaulus-llst)) 

(without- floating-underflow- traps 
(If  acalculate-steady-state 

( Initial Ize-w-new-steady-state) 

( ini  tlal  Ize-w-old-steady-suu) ) 

(setq  atlae  0.0) 

(run-claap) 

(flllarray  voltage-array  avoltaga*  )))) 


;If  first  run.  set  cottage  for  tks  sent  to  ee-hotding. 


INITIALIZE-  W-OLD-STKADYSTA  71 
(defun  Initial Ize-w-old-steady-state  (/ 

;  (clear-llsts) 

(setq  atlae  0.0 

apolnt-lndex  0) 

(If  aflrst-run 

(and  (Inltlallze-soaa-voltage) 

(If  slnclude-dendrlte 

( Initial  Ize- dendrite- voltages ) ) )  ;Jf  first  run.  tot  rdtageJ  ford!  the  dtndrlt*  comportments  to 

.••odd. 

(and  (aset  (araf  30HA  a- rests)  SOM  voltage!)  Otherwise,  sot  cdtegeS  for  oO comportments  to  tkoir 

;spproprlett  o-rostS. 

(aset  (aref  SOM  a-raat$)  SOM  voltaga-estlt) 

(aaat  (aref  SOM  e-restS)  SOM  voltage*ast2t) 

(dollst 

(OENORITE- ARRAY  (list  IASAL-DE  NORITE  APXCAL-SMFT -DENDRITE  APICAL- 1 -DENDRITE  APICAL-2-0EN0RITE ) ) 
(If  (aref  DENORITE-ARRAY  0  INCLUOE-NE*) 

(do  ((sagaent  0  (Incf  segaent))) 

((■  segaent  (aref  0ENORITE-ARRAY  0  total-segaentsl))) 

(asat  (aref  DENDRITE -ARRAY  segaent  e-restS)  DENORITE-ARRAY  sagaent  voltages) 

(aset  (eref  DENORITE-ARRAY  sagaent  e-restS)  DE NORITE-ARRAY  sagaent  voltaga-astll) 

(aset  (aref  DENORITE-ARRAY  segaent  e-restS >  DE NORITE-ARRAY  sagaent  vo1tage-ast2S)))))) 

( Initial  Ize-dendrlte-states)  tSetup  dendrite  segments  with  now  configuration pereenetert. 

(Initial  Ize-soaa-states)  ;Sot  up  some  with  now  pormootors. 

;  (update- output- lists) 

(setq  *t1ae-for-steady-state  0.0)) 


INITIALIZE-  W-NBW-STKADY-STATE  This  fit  net  I  on  runs  tMo  current  clomp  simulation  with  0  infected  current  In  order 
;;;  to  cdculate  the  steady  state  cottages  of  aO  the  compartments.  The  seme  starts  out  at  mt~holding  and  the 
dendrite  compartments  start  out  at  *odd 
(defun  Inltlallze-w-new-staady-state  () 

(setq  al-stla  0.0  *1 -den- st In  o.O  >steady-state-run  t) 

(Initial Ize-w-old-steady-stete ) 

(and  (aset  *e-hold1ng  SOM  voltage!) 

(asat  aa-Noldlng  SOM  voltaga-astll) 

(asat  ea-holdlng  SOM  voltaga-estZS)) 

(do 

(( tlae  0  (♦  tlaa  *01))  FTtUE  heaps  track  of  the  dtmsed  time 

(tine-step  0  (♦  tlae-step  1)))  +TUiE-STEf  heepe  track  of  the  number  of  increments 

((taat-for-restlng-stata))  :Mn d  of  damp. 

(setq  nlaa-for-staady-stata  tlaa  etlae-stap  tlae-step  *t1aa  tlaa) 

Before  the  oedustloa  loop,  erduete  the  first  mpromtmatioas  to  the  cottages  using  precious  cebees  and 
their  dertcattces.  Also  toad  In  dsmmy  cables  for  mm  estimates  in  order  to  force  initid  toleration. 

( load-f Irst-estlaates) 

,7  This  actuation  loop  performs  meeesstce  ap promimatians  to  the  model  celtaget  at  the  present  time  step 
until  the  oB  the  estimates  satis fp  the  cancer  pence  critertum. 

(do  () 

(’  t-estlaates))  .’True  If  ALL  estimates  are  within  epsdom  (c-estl't  4  c-essTs) 

-  -estl't  ■  c-tstTt  to  prepare  for  generating  new  estimate  (est2). 

( sLure-Mw-soae- estlaate ) 

(If  einclude-dendrlte  ( store- ntw-den dr  1  u-est laates ) ) 

;;  Estimate  (trm.  epprom.)  state  cariabies  (m-na-est,  etcj  hated  an  college  estimates  fcmttl)  and 
;;  precious  states  (m-na.  m-ne-det.  etc.),  and  than  estimate  c-det  fr-estl-det)  n&stett  estimates 
::  (op.  m-na-est)  d  ear  rent  cottage  estim  ates  (c-estl  ’t)  using  Ed. 
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(set-soaa-statas-and-v-dot-for-current-claap  nil) 

(If  ainclude-dendrlta  (set-dendrlte-states-snd-v-dots  nil)) 

.7  Animate  (trap.  npprotn.)  ro/iaft  (r-enJ)  rG>urw  r-enl -slot.  previous  rdtan  (rdtan)  end  the 
previous  derlrattr*  (rdlagr-dct). 

(estlaata-soaa-voltage) 

(If  slnelude-dendrlte  ( es tine te-den  dr  Ite- voltages))) 

;;  Sat  w  rdtan  (rattan)  to  tan  animat*  (rdtaga-an2).  Alto  tat  to  r-en2  far  find 
"SET-SOMA  -STA  TES-AND-  V- DO TS“  and  "SET-DENDJUTE-STA  TES-AND-  V- DOTS’. 
(store-new-soaa-voltage) 

(store-nev-soaa-estlaate) 

(cond  (ainclude-dendrlta  (store-new-dendr ltd- voltage*)  (ttore-new-dendrlte-estlaates))) 

.7  Calculate  (tm-  apyrous.)  find  animat**  afnata  variables  (m-na,  ate.)  bam  A  on  nartd  rattan  ratua 
;  (r-gnl)jcnd  previous  natal  (m-no.  m-na- dot,  ate.).  Cdeulma  nat*  rar labia  dartrattrai  (a.g.  m-na-dot) 

'at a 

an-dot) 

.  _  .  _  _  _  . ,  and  nor* 

ithardues. 

(set-soaa-stetes-and-v-dot-for-current-claap  T) 

(If  ainclude-dendrlte  (set-dendrlte-states-and-v-dots  T)) 

.7  Print  simulation  Urn*  aad  caacanlanat*  the  Jan  cdeulatad  variables  to  the  ^preprint  output  tin*. 

(cond  ((zerop  (\  «tiae-step  aplot-step)) 

(send  ternlnal-lo  :hoae-down)(send  taralnal-lo  :clear-rest-of-11ne) 

( foraat  t  'Finding  steady  sut«;  Currant  tlaa  -  -efns*  atlae-for-steady-state)))) 

;  (update-output- lists)))) 

( s tore-s teady -s tate )  .'Star*  the  needy  net*  rduat  far  repeat  runt. 

(so to  os toady-state- run  nil 
atlae-step  0)) 

:::  STOAE-STAADY-STATX 
(defun  store-steady-state  () 

(aset  (aref  SOM  voltages)  SOM  a-restS ) 

(do)  1st 

(OENORITE-ARRAY  (list  IASAL-0EN0RITE  APICAL-SMFT-OENDRITE  APICAL- 1 -DENDRITE  APICAL- 2 -DENORITE ) ) 
(If  (aref  DC NORITE-ARRAY  0  INCLUOE-NES) 

(do  ((segaent  0  (Incf  segaent))) 

((■  segaent  (aref  OENDRITE-ARRAY  0  total-aegaentsS))) 

(aset  (aref  OENDRITE-ARRAY  segaent  voltage!)  OENDRITE-ARRAY  segaent  e-restS))))) 


KUN-CLAMT 
(defun  run-cleap  () 

.7  This  la  the  main  loop  which  pmralas  the  nat*  reliable*  aad  rattan*  far  each  time  Increment. 

(do 

((tine  etiaa-for-steady-stata  (♦  tlae  «dt))  .—Tag  keep*  track  of  the  dpmd  time 

((tlaa  o.e  (♦  tlae  *dt))  tin  this  rardaa  ignore  tima  to  needy  net* 

(tine-step  0  (*  tine-step  1)))  .-•TZMS-STXP  keep*  track  of  the  mmbtr  of  increments 

((>  apolnt-lndex  (-  eplot-polnts  1)))  ;Emd  of  damp. 

(setq  «t1ne  tlae  niae-step  tlae-step) 


<•  tlae-step  (flxr  III  tt-stla-3  «dt))) 

(■  tlae-step  (flxr  (//  et-stln-4  adt))))) 

( set-soae-stetes-and-v-dot- for-vpl  tage-cl sap ) ) ) 

.7  This  erduetion  loop  par  farms  met autre  appromlmatlons  to  the  modd  rattan*  at  the  premia  time  nap 
;;  until  the  dt  the  animate*  tatitft  the  camargmee  critartum. 

(do  ((1  1  (incf  1))) 

((and  (>  1  D(tast-estlaates)))  tTrua  if  ALL  calm  met  are  within  apdtam  (r-enTtd  r-emTs) 

::S*tr-anVt  a  r-anTs  ta  prepare  far  gamrating  new  animate  (and). 

(If  aicla^-nin  (store-noM-saaa-estlaata)) 

(If  ainelude-dondriu  ( store-new-dendr 1  te-eo tlna tee ) ) 

.7  Animus*  (trap,  tppram)  mat*  r arietta*  (m-na-an,  etc)  hand  an  rattan  antmata*  (r-ent)  and 
:: prarlou*  nma*  (m-na.  m-na-dat,  ate),  and  then  animate  r-dot  ( r-enl -dot )  wQ>nat*  antmata* 

.7  (*•!■  m-na-an )  A  ear  ram  rdtan *d!m  da*  (r-enl  ’*)  using  ACL. 

(If  aiclaap-run  ( set-soaa-s totes - and- v- dot -for- cur rent-c leap  nil)) 

(If  ainclude-dendrlta  ( aet-dondr  1  te-s totes- and- v- dots  nil)) 

.7  Animate  (trap,  mpram)  rdtan  (v-en2)  r&new  r-enl -dat,  previous  rattan  (rdtan)  and  the 
.7  previous  dertvattra  (rattan  dot). 

(If  «(c)aap-run  ( est lasts- soaa- voltage) ) 

(If  ainclude-dendrlta  ( es tlaa  ta-den  dr  Its- voltages))) 

,7  Set  new  rdtan  (rdtan)  to  tan  animate  (rdtaat-an2).  Alta  mt  r-enl  to  r-ani  far  find 
"SET-SOMA-STATES-AND-V-DOTS’  and  "SET-DEEDJUTE-STA TES-AND- V-bOTT. 

( s tor e- new- soas- voltage) 

(If  aiclaap-run  (store-new-soaa-tstlaata)) 
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(cond  (elnclude-dendrlte  (store-new-dendrlte-voltages)  (store-new-dendrltc-estlaates))) 

::  Cdeulate  (trap,  apprem.)  final  estimates  of  state  variables  (m-na.  ate.)  based  on  stored  reliefs  value 
::  (r-estl)  and previous  state t  (m-na.  m-na-dot,  etc.).  Calculate  state  reriobls  dertrattm  (e.g.  m-ne-dot) 

;;  wO  dlff.  eg.,  the  final  state  estimate t  (e.g.  m-na)  and  final  rottage  estimate  (railage).  Update 
;;  (solace)  the  stored  raiues  for  the  state  reriabtes  and  their  dertrattres.  Calculate  r-dot  (voltage-dot) 

;;  restates  (e.g.  m-na)  4  current  railages  ( roll  age  and  voltages)  using  circuit  agnation  (tCCL),  and  store 
;;  the  vduet. 

(If  eiclaap-run  ( set- soaa -states- end- v- dot -for -current- cl aep  1)) 

(If  elnclude-dendrlte  (set-dendrlte-states-and-v-dots  T ) ) 

::  Print  simulation  time  and  concantenate  the  pitt  cdculated  teriablas  to  the  appropriate  output  lists. 

(cond  ((zerop  (V  etlae-step  *plot-step)) 

(tend  teralnal-lo  :hoae-do*m)(send  teralnal-lo  :cle«r-rett-of-l Ine) 

(format  t  ’Length  of  slaulatlon  «  time  for  steady  state  •  -eras  Current  tiae  •  -efa 
(♦  etlae-for-steady-state  sduratlon)  >t1ae) 

(update- output- 1 Ists) 

(setq  epolnt- Index  (*  1  epolnt-lndex)))))) 


(defvars  ev-start  »v- final  tvoltage-noraale) 

;;;  NOKMAUZS 

(defun  noraallze  (v-start  v-flnal) 

(setq  ev-start  v-start 
ev-flnal  v-flnal 

evoltage-noraal*  (aapear  #• normal ize-op  evoltagee  )) 
t) 

;;;  NOKMAUZS-OP 

(defun  noraal Ize-op  (voltage) 

(//  (-  voltage  ev-flnal) 

<-  ev-start  *v-f1nal))) 


(defvars  eiv-voltagee  *1v-current*  evolts*) 


Soma  geometry  ••••*• 
Assume  soma  Is  a  sphere 


(defvar  esoaa-radlus  17.5) 


Micrometers 


(defun  surf-erea  (radius)  .-sphere  Mr  face  area  Is  In  sg-cm  -  arguments  la  micrometers 

(*  (//  a.o  3.0)  3.14159  (e  radius  radius)  1.0c-8>) 


;;;  ••••••••••••••  PASSIVE  COMPONENTS 

(defvar  eteaperature  27.0) 

(defvar  ee-na  50.0) 

(defvar  ee-ca  110.0) 

(defvar  ae-k  -85.0) 

(defvar  ee-holdlng  -70) 

(defvar  se-l  -70.0) 

(defvar  eed-1  -70.0) 

(defvar  efaraday  9.848e4) 

(defvar  sr  8.314) 

(defvar  eca-conc-extra  1.8) 


:::  Elea  rode  shunt  resist  once  (Mohm) 
(defvar  er-e)actrode  10000000.0) 

:::  Some  Input  resistance  (Mohm) 

(defvar  ea-1  39.0) 

:::  Soma  membrane  resistance  (ohm-cm-cm) 
(defvar  ers-aaa  850.0) 


;mrolts 
tmeohs 
tmvolts 
.-m  rolls 

.-constant  leakage  battery  (mV) 


.-Ceutomb&mete 

,-Cos  constant  -  ( Vohi*Cculombi)®(DegreetXelrlaamola ) 

:Exlre-ceOular  Ce**ceaconirattoa  [  mmoftHlter] 
tHitta  saps  U  mM  Ca  out.  <JOe-7  mM  In. 

;Segul  and  Marker.  1996  use  4 .0  mM  Ca  cut 
.-Madison  and  Nkcll.  1992  use  2J  mMCaeut 
.-Mentor  at  d.  1996  use  ACSPvrtth  SJ5  mMCa 
;  Wong  and  Prince,  1991  use  2.0  mM  Ca 


Dendrite  membrane  resistance  (ohm-cm-cm) 
(defvar  erd-aaa  40000.0) 


Dendrite  axeplaank  resistance  (ohm-on) 
(defvar  erd-lnt  290.0) 
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;;;  Dndritt  mtmbrtm  ctpacJtm net  (micro ftrtd&tf-cjnj 
(defvar  acapd-aaa  1.0) 

;;;  Japat  tfgffw  of  tom  t  (of) 

(defvar  scaps-ln  0.150) 

Sara*  mtmbrtm  ctptcitnct  (mlcreftrtd&tt-cm) 
(defvar  scaps-oen  1.0) 

;;;  Totd  capacity  of  temt  (nF) 

(dcfvar  seeps) 


(dcfvar  sssaa-area)  :Somt  mr fact  am  if .  mkroat  ••••• 

(dcfvar  sgs-1) 

;;;  JfZWIA  FOK-SOUA-GEOHXTXY-AND-FASSIVX-COiiromNTS 
(dcfvar  sc-calc  T) 

(dcfvar  sr-calc  T) 

(dcfvar  sqten- Ionic  1.5) 

(defun  aenu-for-soaa-geoaetry-and-passlve-coaponents  () 

( tv : choose- var 1  ab  1  e- va  1 uca 

*((*soaa-rad1us  ‘Sou  apnera  radius  [aleroaaters]  *  inueber) 

(«c-1  ‘Leakage  battery  [eV]  *  rounder) 

(«e-na  ‘Me  reversal  potential  [aW]  *  (nuaber) 

(«e-k  *K  reversal  potential  [rtf]  *  : nuaber) 

(«e-ca  *Ca  reversal  potantlal  [aV]  *  :nueber) 

(sc-calc  ‘Calculate  C-eae  froa  geoactry  (yes)  or  use  Input  capacitance  (no)*  (boolean) 

( tcaps -oea  ‘Ncabrane  capacitance  [afcrofarads/sq-ca]  *  .-nuaber) 

(scaps-ln  ‘Input  capacity  [nF]  ■  :nuaber) 

( *r-calc  ‘Calculate  srs-neh  free  geoaatry  (yes)  or  us a  Input  lapadance  (no)*  (boolean) 

(srs-aaa  ‘Kaabranc  resistance  [oha-ca-ca]  *  (nuaber) 

(«a-1  ‘Input  lapadance  [HOha]  (used  to  substitute  for  a  one  and  dendrite  Kin  only)  ■  (nuaber) 
(stcaperatura  ‘Taaperature  of  experl  nan t  [Celsius]*  :  nuaber) 

(sc ten  "0-10  [Rate  constant  coefficient  per  10  degrees]*  -.nuaber) 

(sqten- tonic  *0-10  [Ionic  conductance  coefficient  par  10  degrees]*  (nuaber) 

(sinclude-shunt  ‘Include  electrode  shunt  conductance  (If  no  the  g-shunt  will  be  Ignored)?*  (boolean) 
(sr-electrode  ‘Electrode  shunt  [Hohas]*  -.nuaber) 

(si -constant- Injection  ‘Constant  current  Injected  [nA]‘  (nuaber)) 

(label  ‘Passive  coaponents*) 

(setq  ssoaa-area  (*  i.Oad  (surf-area  asoaa-radius)) 

sgs-1  (If  *r-calc  (//  (surf-area  *soaa-rad1us)  (s  srs-aaa  1.0e-6)) 

(//  1.0  aa-1  )) 

sg-electrode  (//  1.0  sr-electrode) 

scaps  (If  sc-calc  (*  (surf-area  ssoaa-radtus)  scaps-aaa  l.0e3)  scaps-ln)) 

(aset  sgs-1  SOMA  g-laakS) 

(aset  100.0  SOMA  g-axlalt)  ; Ammtthat temt hat tmultUy  ttro txepltnk  mUttrity. 

(update-qtans) 

(update-gbars) ) 


(defun  update-qtans  () 

(setq  eqten- factor-at-25  (qten-teu- factor  25.0  staaperature  sqten) 

sqten- factor -at-25-e  (qten-teu -factor  25.0  staaperature  sqtan-a) 
sqten- factor -at- 32  (qten-teu -fee tor  32.g  staaperature  sqten) 
sqten- factor-at-30  (qten-teu- factor  30.0  staaperature  sqtan) 
sq ten-fee tor-at-27  (qten-teu- factor  27.0  staaperature  sqtan) 
sqten-factor-at-22  (qten-teu-factor  22.0  staaperature  sqten) 
sqten- fee tor -at- 24  (qten-teu-factor  24.0  staaperature  5.0) 
sqten-g-24  (qten-rate- factor  24.0  staaperature  »q ten-ionic) 
sqten-g-30  (qten-rate- factor  30.0  staaperature  sqten- Ionic) 

;A  ear  mu. 

sqten-g-32  (qtan- rata- factor  32.0  staaperatura  *q ten-ionic) 

*q ten-fee tor-at-37  (qten-tau-factor  37.0  staaperature  sqten) 
•qten- factor -at- 14  (qten-tau-factor  14.0  staaperature  eqten))) 


.•Ca  booties 
;DM  tad  A  kimttci 


:Nt  battles. 

in  for  Ionic  conduct  tact  of  Nt  corrtou. 
infer  took  comtkctooct  of  DM  pad 

. Qtn  for  tonic  cndtcteoct  of  Cm  atrmtt. 


::.-QTEN-  TAU-FACTOM  Tbit  tdcuUrtt  the  ftn  factor  for  time  comma  (at  temperature  toot  tp.  Mr  goat  d on). 
(defun  qten-teu-factor  (refer anca-taap  taap  qten) 

(“  qten  <//  (-  reference-teap  taap  )  10.0))) 


;:&TMN-MA  TX-  FACTO M  This  tdadmtt  the  ftn  factor  for  rttt  comma  (a  temperature  go a  up,  to  dm  rate). 
(defun  qten-rate- factor  (reference-teap  taap  qtan) 

(‘  qten  (//  (•  taap  ref erance- teap  )  10.0))) 


(defvars-w- value  (sqten-g-24  1 ,0)( sqten- fector-at-27  1.0)) 
(dafvara-wvalue  (sqten-g-30  1  .OX sqtan- factor -at- M  1.0)) 
(dafvars-u-value  (sqten-g-32  1 .0)(sqten-factor-at-32  1.0)) 
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L-CUMSNT  The  Itaktge  current. 
(defun  (-current  (v) 

(*  sgs-1  (-  v  *e-l))) 


;;;  ALPHA  end  BETA  Them  Auction!  ft—  tko  roll  age  dependant  rmt  constant  for  the  Anglo  barrier  model,  who re  alphe  Is  the 
forward  rote  constent  and  beta  is  the  backward  rate  constant .  “r-hdf  It  the  foliage  at  which  the  forward 
and  backward  rate  constants  are  egad.  Note  that  there  art  two  aspects  of  the  temperature  dependence  of 
;;;  them  rate  constants.  The  first  dartres  from  the  rottago- dependant  Bdtsmann  distribution,  which  U 
;;;  exptlcltely  calculated  In  them  fiinctlons.  The  second  arims  In  a  lamped  1 Qten'  factor  that  Is  strictly  a 
coefficient  for  the  'base-rate,  that  is  the  rate  dertrei  from  the  origlnd  fret-energy  changes  of  the  gating 
particle.  Since  this  factor  expends  on  each  current,  the  Qten  factor  Is  not  Included  here  but  In  the  time  constant 
functions  for  each  gating  rariabte. 

(defun  alpha  (voltage  v-half  base-rate  valence  gaaa) 

(let  ((exponent  (//  (*  (•  voltage  v-half  )  l.0e-3  valance  faraday  gaaaa)  (*  *  (»  ataaperature  273.0))))) 

(setq  exponent  (cond  ((>  exponent  20.0)  20.0)  ((<  exponent  -10.0)  -10.0) 

(t  exoonent))) 

(*  base-rate  (exp  exponent)))) 

(defun  beta  (voltage  v-half  base-rate  valence  gaeaa) 

(let  ((exponent  (//  (*  (•  v-half  voltage)  1.0e-3  valance  faraday  (•  1.0  g  earn))  («  R  (*  ataaperature  273.0))))) 
(setq  exponent  (cond  ((>  exponent  20.0)  20.0) 

((<  exponent  -10.0)  -10.0) 

(t  exponent))) 

(a  base-rate  (exp  exponent)))) 


X-C-current  ———————— 

:::  TheCa dependant K-earroat 

Y::  tor  wow  make  It  andogaus  to  the  A  current,  except  that  the  C  current  Is  faster  and  It  dependent  on  the 
:::  concentration  efCn**in  the  thdl  In  the  mane  way  as  the  At IP  current. 

:::  condbtctance  la  micro-stamens 
(defvar  agber-c  0.40) 

(defvars-w-value  (sv-half-cx  -05.0)  ( *a 1 pha- base- r ate- cx  0.007)  (evalance-cx  25.0)  (sgaaae-cx  0.20) 
(*v-ha1f-ey  -00.0)  (*alphe-basa-rate-cy  0.003)  (evalancs-cy  20.0)  (>ga— a-cy  0.2) 

( abase- tex  0. 25 )( abase- tcy  IS)) 

(defvars-w-value  (aalpha-c  1.0)  (abeta-c  1.0)) 

(defvars-w-value  (ateu-alpha-c  0.0001)  (ateu-bete-c  0.0)) 


W-C-INF  w-c  Is  edetum  -dependent  gating  rariable  for  C-current 
(defun  w-c-(nf  (ca'c-conc-shell) 

(//  (*  aalpha-c  le-conc-shell  calc-conc-shell  calc-conc-shell) 

(«  abeta-c  (*  aalpha-c  calc-conc-shell  calc-conc-shell  calc-conc-shell  )))) 


;;;  T-w-c 

(defun  t-w-c  (calc-conc-shell) 

(let  ((tau  (//  1.0  (♦  abeta-c  (a  aalpha-c  calc-conc-shell  calc-conc-shell  calc-conc-shell))))) 
(a  aqten-factor-at-27  (If  (<  taw  0.2)  0.20 
tau)))) 


:::  A-X-C 

(defun  a-x-c  (voltage) 

(alpha  voltage  sv-half-cx  aalpha-base-rata-cx  avalence-cx 
...  B-X-C 

(da fun  b-x-c  (voltage) 

(beta  voltaga  «v-ha1f-cx  aa l pha- base- rate- cx  avalence-cx  i 


;::A-T< 

(defun  e-y-c  (voltage) 

(bate  voltage  av-half-cy  *alpha-base-rate-ey  *valenco-cy  >gHM 


B-Y-C 

(defun  b-y-c  (voltage) 

(alphe  voltage  av-half-cy  aalpha-base-rate-cy  avalence-cy 


,xc-utr 

x-iafls  aettratloa  rariable  for  C-current 


(defvar  ax-e-lnf-aldpolnt  0.0) 

(defun  x-c-1nf  (voltage) 

(//  (a-x-c  voltage)  (♦  (a-x-c  voltage)  (b-x-c  voltage)))) 


i-cx)) 


ex)) 


cy» 


ey» 
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...  Y~C-lSf 

T-infti  (met tret  ton  Portable  for  c-current 
(defvar  ay-c-lnf-nldpolnt  S.O) 

(defun  y-e-lnf  (voltage) 

(//  (a-y-c  voltage)  (♦  (a-y-c  voltage)  (b*y-c  voltage)))) 

:  (let  ((steepness  2.0))  ;S*fot and Barker; Setot,  Kofowskt,  and Barker 

;  (//  1.0  (♦  1.0  (exp  (//  (-  voltage  *y-e-lnf-n1dpo1nt)  steepness)))))) 


im-C-airrentfacittatton)  -  mme  (estimate) 

(defvar  «t-x-c  .SO) 

(defun  t-x-e  (^optional  voltage) 

(let  ((tx  (//  1.0  (♦  (a-x-c  voltage)  (b-x-c  voltage))))) 

(a  a<j ten  -  f  actor -at-27  (if  (<  tx  *basa-tcx)  *base-tcx  tx)))) 

;(defun  t-x-c  (voltage)  .lent  toil  atrnnt  (trow*  amt  Griffith)  (mme) 

:  (cond  ((<  voltage  -30.0)  (a  20.0  (exp  (//  (♦  voltage  40.0)  10.0)))) 

:  (t  (a  20.0  (exp  (//  (•  40.0  (♦  voltage  00.0))  10.0)))))) 


tm-C-eurrent(tnacl  trot  ton)  -  mme 
(defvar  *t-y-c  1.0) 

(defun  t-y-c  (toptlona)  voltage) 

(let  ((ty  (//  1.0  (♦  (a-y-c  voltage)  (b-y-c  voltage))))) 

(«  *u ten-fee tor-at-27  (if  (<  ty  «base-tcy)  *base-tcy  ty)))) 

MENU-POX«U*MEtrr 
(defvar  ac-sblft  0.0) 

(defun  aami-for-c-current  () 

( tv  :cfiooae- variable- values 

’((agbar-c  "C-current  conductance  [afcro-S]*  : number) 

mm 

'  X  Variable  Kinetics  " 

mm 

(av-half-cx  "V/12  for  x*  number) 

(aalpha-basa-rete-cx  'Alpha-base  value  for  x  at  Vl/2'  : number 
: documentation  'Increase  aakaa  It  faster*) 

(avalence-cx  'Valence  for  x'  :nu *er) 

(agaom-cx  'Sanaa  for  x*  inuaber) 

(abase-tcx  'Hlnlaua  value  for  tine  constant  [an]*  :nuaber) 

mm 

*  V  Variable  Kinetics  * 

mm 

(sv-half-cy  *V/12  for  y*  : number) 

( «a1 pha-base-rata-cy  'Alpha-base  value  for  y  at  Vl/2*  :nuabar 

: documentation  'Increase  makes  It  faster*) 

(avalence-cy  'Valenca  for  y*  : number) 

( sgasmu-cy  'Sanaa  for  ha  1  y*  : number) 

(abasa-tcy  'Hlnlaua  value  for  tlae  constant  [me]'  :nuaber) 


'  H  Variable  Kinetics  ■ 

(atau-alpha-c  'Forward  tins  constant  for  Ca**-blnd1ng  to  M  particle*  :nuaber) 
(*tau-beta-c  'backward  tlae  constant  for  Ca**-b1nd1ng  to  H  particle*  inuaber) 
)) 

(sets  aalpha-c  (//  1.0  atau-alpha-c) 
abeta-c  (//  1.0  atau-beta-c))) 

;;;  C-CUBMXNT  Auction  to  edcmmo  the  C  current. 

(defun  c-current  (x-e  y-e  w-e  v) 

(»  (|-c  agbar-c  x-c  y-c  w-e) 

(-  y  se-k))) 


:::GC 

(defun  g-c  (gbar-c  x-c  y-c  w-e) 

(If  «  x-c  0.01)  (sets  x-c  0.0)) 

(«  gbar-c  x-c  x-c  x-c  x-c  y-e  v-c)) 

:::X-C-Sn.  Y-C-KFP 
(da fun  x-c-eff  (x-e) 

(If  (<  x-e  0.01)  0.0 
r  x-c  4.0))) 

(defun  y-c-tff  (y-c) 

(*  y-e  1.0)) 

:::  c-YLOT 

(defvars  tx-c-1nfa  ay-c-lnf*  ex-e-effa  ay-e-effa 
»t-x-c«  *t-y-c*  «g*e*1nf») 

(-lafun  c-plot  () 
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( eenu- for-c-current ) 

(setq  *volt»*  nil  *y-c-1nf*  nil  *x-c-inf«  nil  *y-c-eff*  nil  *x-c-eff*  nil 
*t-x-c*  nil  *t-y-c*  nil  sg-c-inf*  nil) 

(do  ((v  -100.0  (*  v  0.5))) 

((>  v  50)) 

(setq 

*y-e-1nf*  (nconc  *y-c-1nf*  (Hit  (y-c-inf  v))) 

*x-c-inf*  (nconc  *x-e-1nf*  (list  (x-c-inf  v))) 

*y-c-eff*  (nconc  »y-c-eff«  (list  (y-e-«ff  (y-e-inf  v)))) 

«x-c-*ff«  (nconc  xx-c-eff*  (lilt  (x-e-off  (x-c-inf  v)))) 

*t-x-c*  (nconc  *t-x-c»  (list  (t-x-e  v) ) ) 

*t-y-c*  (nconc  *t-y-c*  (Hit  (t-y-e  v))) 
xvolts*  (nconc  xvolts*  (lilt  v)) 

*0-c-1nf*  (nconc  sg-c-infs  (list  (g-c  1.0  (x-c-inf  v)(y-c-inf  v)  1.0  )))))) 


;;/  W-C-HjOT 

(dofvirs  *w-e-1nf*  st-w-c*  xcilconcx) 

(defun  w-c-plot  () 

(emu- for-c-current ) 

(setq  xw-c-inf*  nil  xcilconcx  nil  *t-w-c*  nil) 

(do  ((ce  l.Oe-6  (*  ce  1.2  )))((>  ce  10.0)) 

(setq  xw-c-infx  (nconc  xw-c-inf*  (lilt  (w-c-inf  ce))) 
*t-w-e«  (nconc  xt-w-c*  (Hit  (t-w-c  ce))) 
xcilconcx  (nconc  xcilconc*  (Hit  ci))  )  )) 


I-U  car  rant  *******•*••«••••*• 

Tkt  mtuemrUde  -msstittso  X  currant  of  frail  Adams 

U-CUJUIXNT 
(defun  e- current  (x-o  v) 

(x  sgbar-e  x-e  (•  v  x«.k))) 

I-Mcenddtctaxa  -  On ly  octtsata  batsman  -70ms  and  -30ms  (mkro-kamoMt) 
(defver  xgber-e  .005) 


(defvers-v- value 
(«•- block  1.0)  (xbese-tac  10) 


(xv-hllf-B  -45.0)  IXUU-riU-B  0.0015)  (*valance-ac  5)  (»)Mi-« 


(defver  xqten-e  5.0) 


:at  rapertad  by  Jmtl 


:::  I-M  ttms  constant  -  from  two  seduts  rtsan  by  fml  (mate) 

Constant!  asms  ~123  ms  0-40  ms  (olfactory  cortkd  earn) 

:::  T-X-M 

(defun  t-x-e  (voltige) 

(lets  ((b  (ilphi  voltage  xv-half-ex  sbase-rate-ex  *val ence-ex  xgeee-ec)) 

(e  (beta  voltage  sv-half-at  *base-rate-n  xvalence-ex  xgaeee-ex)) 

(tx  (//  «qten-fictor-et-25  (•  •  b)))) 

(if  (<  tx  (x  xqtcn-fector-et-25  *base-Uet))  (x  xqten- factor -at- 25  sfoese-tex)  tx))) 


;;;  X-M-UtT  x-lafls  acitsaslo e  sarlaU t  for  M-oarram 
(defun  x-e- inf  (voltage) 

(let  ((b  (beta  voltage  »v- he  If -ex  sbase-rate-ax  xvalence-ex  sgaaM-ex) ) 

(e  (elpne  voltege  *v-half-ex  abase- rete -ex  xvalence-ex  xgaeee  t))) 
(//  a  («  a  b))>) 


:::  HKNU-POM-M-CUMMENT 
(defun  eenu-for-e- current  () 

(tvicboose-variablc- values 

’((xgber-e  *H-current  absolute  conductance  telero-S]*  inuaber) 

(xe-block  'block  soee  fraction  of  absolute  conductance  [0-1]*  :nuaber) 
•  • 

•  XX  X  Variable  Kinetics  ex  • 

•  • 

(sv-kalf-aec  *V/12  for  N  x*  ima*>er) 

(abase- re te-w  'Alpha -base  value  for  n  x  at  V7/2*  muefier) 

(evatence-w  'Valence  for  N  x*  inuaber) 

(«g aaea-ax  'Bases  for  0  x*  inuaber) 

(xbasa-tw  *010(000  value  for  ties  constant  [os]*  inuber) 

**) 

1 label  *H  Ootasslue  Currant* 

)) 


(defvars  xx-*-1nf*  «t-x-e») 

(defun  e-plot  O 
(eanu- f or -e-  current ) 

(seta  xx -e-inf*  nil  tvolts*  nil  *t-x-e*  nil) 

(do  ((v  -100.0  (♦  y  0.5))) 

((>  v  50.0)) 

(seta  sx-e- infs  (nconc  *x-e-1nf«  (list  (x-e-inf  v))) 


.5)) 
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(t-x-o*  (nconc  *t-x-o*  (list  (t-x-o  v))) 
«vo)ts*  (nconc  (volts*  (list  v))  )  )) 


l -Q  current  mwwwmmtm 

Tils  Is  tie  outweri  “enemdeu '  rectifier"  current  ties  Is  ectteeted ip  hpperpderlslng  tie  cell. 
Kef.  -  Se  gd  end  Merier,  Hdltwetl  end  Admits 

S-Q  Q  current  Men  be  e  mixed  cceductence. 

(defvar  *e-q  -65.0) 


;;;  I-Q  conduct ence  (mlcrc-tUtnetu) 

(dofvsr  (gbsr-q  .002) 

;;;  Q-CUJtKEMT 
(defun  q-current  (x-q  v) 

(*  *gbar-q  x-q  (-  v  *«-q))) 

...I-Q-IMK 
(dofun  x-q-1nf  (v) 

(//  1  (♦  1  (exp  (//  (♦  v  04. 0)  4.0))))) 


:Abeut  2nS  et  fuU  eahmlee  (fm tl) 


:::  T-X-Q 
(dofun  t-x-q  (v) 

(*  sqton-foctor-st-25-o  :Kmd reports Q-10  for ieth M end Q currents te ie "5. 

(*  1200.0  («  (//  1  («  1  (axp  (//  («  v  05.0)  -0.0))))  .1)))) 

M£NU-FO*-Q-CU*KEftT 
(dofun  nenu-for-q-current  () 

( tv : choose- vor 1 obi e-vol ues 

*((*gbar-q  •  ft- current  conductance  [olcro-S]*  :nuuber) 

(*e-q  *Q  current  reverse?  potential  (oVJ*  :nua ber)))) 


Q-TUOT 

(defvar*  *x-q-1nf*  *t-x-q*) 

(defun  q-plot  () 

( ie tq  sx-q-lnf*  nil  (volts*  nil  *t-x-qs  nit) 

(do  ((v  -100.0  (♦  v  0.5)}) 

((>  v  50.0)) 

(setq  *x-q-1nf*  (nconc  *x-q-1nf(  (list  (x-q-1nf  v))) 
*t-x-q»  (nconc  *t-x-q*  (list  (t-x-q  v)» 
(volts*  (nconc  (volts*  (list  v))  )  )) 


UK-current  ‘ 


(dafvara-v- value 
( (dr-block  1.0) 

((base-txdr  0.50)  (*base-tydr  0.0) 

(*v-helf-drx  -20.0) 

(*b*sc-rate-drx  0.000)  ((velence-drx  12)  {(gaaaa-drx  .05) 
(*v-helf-dry  -45.0) 

(«bese-rete-dry  0.0004)  (*va1ance-dry  9)  ( sqeaBe-dry  9.2)) 

(d elver  *e-dr  -79.50)  ;I-DK  rerersd petemid 


:::  DK  ceeAtclence  (mlcreelemens) 
(defver  (gbar-dr  0.7) 


;Segd  repents  0JS0 


:::  Y-DK-1ST  [-lefts  Institution  eerie bU  fir  DK-current 

eee  Segd  end  Merier 

(defun  y-dr-1nf  (voltage) 

(let  ((b  (elptie  voltage  »v- half -dry  (base- rate-dry  (valence-dry  «g— a  dry)) 
(a  (beta  voltage  sv-half-dry  atase-rate-dry  (valence-dry  sgaMa-dry))) 
(//  a  (*  a  b>») 


T-T-DK  tmi-DX-<urren((lnectleehenJ  * 

Segd  end  Merier  40  msec 
(dlflM  (vpltifl) 

(let*  ( (b  (alpha  voltage  *v-half-dry  >baie-rata-dry  (valence-dry  (gana-dry)) 

(a  (beta  voltage  (v-half-dry  abase-rate-dry  (velence-dry  *gaBM-dry)) 

(ty  (//  aqten-fector-at-90  (*  a  b) ) ) > 

(If  «  ty  (*  aqtan-factor-at-M  abase-tydr))  (*  *qtan-fector-at-30  (base-tydr)  ty))) 


:  x-dk-inf 

tHnfls  natreHon  eericAU  fsr  DK- 


(defun  x-dr-lnf  (voltage) 

(let  ((a  (alpha  voltage  *v-ha)f-dra 
(b  (beta  voltage  sv-half-drx 
(//  a  («  a  b))>) 


-rate-drx  (valance- drx 
-rata-dm  evalonco-drx 


-drx)) 

drx))) 
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;;;  T-X-DK 

tm-DX-airrtnt(acttnaton)  -  mme 

S*gd tstd Morktr  180  as  <  -30av,«  as  else 

(defun  t-x-dr  (voltage) 

(let*  ((a  (alpha  voltage  *v-ha1f-drx  sbase-rete-drx  *valence-drx  sgaaaa-drx)) 

(b  (beta  voltage  *v-half-drx  *base-rate-drx  *va)ence-drx  sgaaaa-drx)) 

(t x  <//  *gten-factor-at-30  (♦  a  b)))) 

(If  (<  tx  (*  *qtan-factor-at-30  *baae-txdr))  (*  *d ten- factor -at- 30  *base-txdr)  tx))) 


MENU-  FOX-DX-CUXXENT 
(defun  aenu-for-dr-current  () 

( tv s choate- var 1 ab 1 e- va ) ues 

’((*gbar-dr  ‘08-currant  absolute  conductance  (a1ero-S]‘  tnuaber) 

(*dr-block  ‘Block  soae  fraction  of  absolute  conductance  [0-1]*  :nuaber) 
•  • 

*  **  X  Variable  Kinetics  **  * 

•• 

(*v-half-drx  *V/12  for  Or  x*  tnuaber) 

(*base-rat*-d rx  ‘Alpha-base  value  for  Or  x  at  VI/2*  tnuaber) 
(*valance-drx  ‘Valence  for  Or  x*  tnuaber) 

(*gaaaa-drx  ‘Sanaa  for  Dr  x*  tnuaber) 

(*base-txdr  ‘Nlnlaua  value  for  tlae  constant  (as]*  tnuaber) 

aai 

■  **  V  Variable  Kinetics  *** 

mm 

(*v-ha1f-dry  *V/12  for  Dr  y‘  tnuaber) 

( *base-ratc-dry  ‘Alpha-base  value  for  Dr  y  at  Vl/2*  tnuaber) 
(*va1ence-dry  ‘Valence  for  Dr  y*  tnuaber) 

(sgaaaa-dry  ‘Sanaa  for  Dr  y*  tnuaber) 

(*base-tydr  ‘Nlnlaua  value  for  tlae  constant  [as]*  tnuaber) 

"> 

: label  ‘Oelayed-Rectlfler  Potasslua  Current* 

)) 


DX-CUXXENT 

(defun  dr-current  (x-dr  y-dr  v) 

(*  (g-dr  (araf  SONA  gbar-drS)  x-dr  y-dr)  (•  v  sa-dr))) 


:::G-DX 

(defun  g-dr  (gbar-dr  x-dr  y-dr) 

(*  gbar-dr  ndr-block 

x-dr  x-dr  x-dr  y-dr  )) 

:::X-DX-EFF,  Y-DX-EFF 
(defun  x-dr-eff  (x-dr) 

(“  x-dr  3.0)) 

(defun  y-dr-aff  (y-dr) 

(*  y-dr  1.0)) 

;;;  DX-FLOT 

(defvars  *x-dr-1nf*  *y-dr-lnf*  *x-dr-eff*  «y-dr-eff* 

*t-x-dr*  *t-y-dr*  *g-dr-1nf«) 

(da fun  dr-plot  () 

(aanu- for-dr -current ) 

(setq  *volta*  nil  *y-dr-lnf*  nil  *x-dr-1nf*  nil  *y-dr-eff*  nil  *x-dr-eff*  nil 
*t-x-dr*  nil  *t-y-dr*  nil  sg-dr-1nfs  nil) 

(do  ((v  -100.0  (♦  v  0.5))) 

((>  v  50)) 

(setq 

*y-dr-1nf*  (nconc  *y-dr-1nf*  (list  (y-dr-1nf  v))) 

*x-dr-1nf*  (nconc  *x-dr-1nf*  (list  (x-dr-lnf  v))) 

*y-dr-eff*  (nconc  *y-dr-eff*  (list  (y-dr-eff  (y-dr-lnf  v)))) 

*x-dr-eff*  (nconc  *x-dr-eff*  (list  (x-dr-eff  (x-dr-lnf  v)))) 

•t-x-dr*  (nconc  *t-x-dr*  (list  (t-x-dr  v))) 

*t-y-dr*  (nconc  *t-y-dr*  (list  (t-y-dr  v)}) 

■volts*  (nconc  *volta*  (list  v)) 

■g-dr- Inf*  (nconc  *g-dr-1nf*  (list  (g-dr  1.0  (x-dr-lnf  v)(y-dr-1nf  v))))))) 


AHF-au-mt  *••••••••••»•••• 

:::  Mr  km*  two  toli*g*-X*p*MUat  Imatmioo  portldu.  J  ai  a.  an 4 
oedctm-4tf*4»nt  gating  pvt  id*,  w. 


;;;  AUF-CUXXENT 

(defun  ahp-current  (z-ahp  y-ahp  u-ahp  v) 
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(*  (g-ahp  sgbar-ahp  z-ahp  y-ahp  w-ahp) 

(•  v  se-k))) 

:::  AHP  e ooAsetneo  (mkrottmans) 

(defvar  agber-ahp  0.35) 

:::  G-AHP  -  w»  nr  Aon 

(defun  g-ahp  (gber-ahp  z-ahp  y-ahp  w-ahp) 

(*  gbar-ahp  1.0  y-ahp  y-ahp  w-ahp  z-ahp)) 

(da fun  y-ahp-eff  (y-ahp) 

(•*  y-ahp  2.0)) 

(defvars  «a1pha-ahp  sbeta-ahp) 

(defvars-w-value  (atau-a)pha-ahp  i.0e-5)  (*tau-bata-ahp  200.0)) 

(d*fvars-w-valua  (av-half-ahpz  -72.0)  (aalpha-baaa-rata-ahpz  2.0a-*> 

(avalence-ahpz  12.0)  (sgaaaa-ahpz  0) 

(av-half-ahpy  -50.0)  (aa)pha-baaa-rata-ahpy  0.015) 

(avalence-ahpy  15.0)  (*gaaaa-ahpy  0.5) 

(abasa-tahpz  120.0)(*basa-tahpy  2.5)) 

:::  W-AHPINP w-n*A  is  cddkm-dtptiUtiU  gatng  rarlablt  for  AHP-atrrtni 

(da fun  w-ahp-fnf  (calc-conc-shell  ) 

(//  (*  salpha-ahp  calc-cone-shell  calc-conc-shell  calc-conc-shal)  ) 

(♦  *beta-ahp  (a  *alpha-ahp  calc-conc-shell  calc-cone-shell  calc-conc-shell  )))) 


:::T- W-AHP 

(defun  t-w-ahp  (calc-conc-shell) 

(let  ((tau  (//  i.o  (*  sbeta-ahp  (a  aalpha-ahp  calc-conc-shell  calc-conc-shell  calc-conc-shell))))) 
(a  agten-factor-at-27  (If  (<  tau  0.002)  0.0020 
tau)))) 


:::  Y- AHP- Iff P  Imcttnsion  nrlobit  for  AHP-atrroM 

(defun  y-ahp-lnf  (voltage) 

(let  ((b  (alpha  voltage  av-half-ahpy  *a lpha- base- rata- ah py  *valenca-ahpy  agaaaa-ahpy ) ) 
(a  (beta  voltage  av-half-ahpy  salpha-base-rata-ahpy  avalence-ahpy  agaaaa-ahpy))) 
(//  a  (♦  a  b))>) 

:::  T- Y-AHP  um-AHP-corrons(iaoctimton)  -  mm 

(defun  t-y-ahp  (voltage) 

(lets  ((b  (alpha  voltage  av-half-ahpy  aalpha-base-rate-ahpy  avalence-ahpy  sgiam-ahpy ) ) 
(a  (beta  voltage  av-half-ahpy  aalpha-base-rate-ahpy  avalence-ahpy  sgaaaa-ahpy)) 
(ty  (//  1.0  (♦  a  b)))) 

(if  (<  ty  abase- tahpy)  abase-tahpy  ty))) 


;;;  Z-AHP-UfP 

M-lnfa  met  fusion  tmrimbU  for  AHPomrrtnt 
(defun  z-ehp-lnf  (voltage) 

(let  Kb  (alpha  voltage  av-half-ahpz  *alpha-base-rate-ahpz  avalence-ahpz  *gaaaa-ahpz) ) 
(a  (beta  voltage  av-half-ahpz  M lpha- base -rate- ah pz  avalence-ahpz  agaana-ahpz))) 
(//  a  (*  a  b) ))) 


:::  T-z-AHP 


tm-AHP-cnrrtsu(oahmiloo)  -  mm 
(defun  t-z-ahp  (voltage) 

(lets  Kb  (alpha  voltage  av-half-ahpz  salpha-base-rate-ahpz  avalence-ahpz  sgaa 
(a  (beta  voltage  av-half-ahpz  salpha-base-rate-ahpz  *vatence-ahpz  agma 
(tz  (//  1.0  (*  a  b)))) 

(If  (<  tz  abasa-tahpz)  abasa-tahpz  tz))) 


■a-ahpz)) 

-ahpz)) 


;;;  WSNU-POK-AHP-CUJUfSNT 
(defun  Mnu-for-ahp-currant  () 

( tv : choose- variable- values 

’((■gbar-ahp  *AHA-currant  conductance  [elcro-S]'  ,-nueber) 

•  • 

*  Z  Variable  Kinetics  * 

•  • 

(av-half-ahpz  *V/12  for  Ha  1  a*  :nua bar) 

(aalpha-base-rate-ahpz  'Alpha-base  value  for  Ha  1  ■  at  Vl/2'  ,-nuaber 

: documents tl on  'increase  speeds  up  gating  particle*) 
(avalence-ahpz  'Valence  for  Me  1  e*  :nuaber) 

(tgaaaa-ahpz  *6mbu  for  Ha  1  a*  inuaber) 

(abasa-tahpz  'Hlnlaua  value  of  tine  constant  [nsec]*  inuaber) 

mm 


*  V  Variable  Kinetics  ■ 

•  • 

(av-half-ahpy  «V/12  for  Ha  1  h*  inuaber) 

(aalpha-base-rate-ahpy  'Alpha-base  value  for  Ha  1  h  at  Vl/Z*  inuaber 

idocuaentatlon  'Increase  speeds  up  gating  particle*) 
(avalence-ahpy  'Valance  for  Ha  1  h*  inuaber) 
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(sgaaaa-ahpy  *6mm  for  No  1  h*  muaber) 

( sbase- tahpy  ‘Hlnlaua  value  of  tlae  constant  Choc]*  :nuaber) 


*  M  Variable  Kinetics  * 

■  ■ 

(stau-alpha-ahp  ‘forward  tlM  constant  for  Ca««-b1nd1ng  to  M  particle*  muaber) 

( *tau-b*ta-ahp  ‘backward  tlae  constant  for  Ca»*-b1nd1ng  to  H  particle*  tnuaber) 

)) 

(setq  *alpha-ahp  (//  1.0  *tau-a1pha-ahp) 

*beta-ahp  (//  1 .0  *tau-beta-ahp))) 

:::  AHP-PLOT 

(defvars  *z-ahp-1nf*  *t-z-ahp*  *y-ahp-1nfs  st-y-ahp*  *y-ahp-eff*) 

(defun  abp-plot  () 

(setq  *t-z-ahp*  nil  *t-y-ahp*  nil  tvolts*  nil  *z-ahp-1nf*  nil  *y-ahp-1nf*  nil  *y-ahp-effs  nil  ) 
(aenu-for-anp-current) 

(do  ((v  -100.0  (♦  v  0.5)))  ((>  v  50)) 

(setq  *x-ahp-1nf*  (nconc  *z-ahp-1nf*  (list  (z-ahp-lnf  v))) 

*y-ahp-1nf*  (nconc  *y-ahp-1nf*  (list  (y-ahp-lnf  v))) 

*"-ahp-eff*  (nconc  *y-ihp-eff*  (list  (y-ahp-eff  (y-ahp-lnf  v)))) 

*t-z-ahp*  (nconc  n  /-ahp*  (list  ( t-z-ahp  v))) 

•t-y-ahp«  (nconc  *t-y-ahp*  (list  ( t-y-ahp  v))) 

•volts*  (nconc  svolta*  (list  v))  )  )) 

;;;  W-ABB-M0T 

(defvars  *w-ahp-1nf*  n-w-ahp*  scalconc*) 

(defun  w-ahp-plot  () 

( nenu - f or -ahp- current ) 

(setq  *w-ahp-1nf*  nil  scalconc*  nil  *t-w-ahp*  nil) 

(do  ((ea  l.0e-6  (*  ca  1.2  )))  ((>  ca  10.0)) 

(setq  *w-abp-1nfs  (nconc  aw-ahp-lnf*  (list  (w-ahp-lnf  ca))) 

*t-w-ahp*  (nconc  *t-w-ahps  (list  (t-w-ahp  ca))) 
scalconc*  (nconc  scalconc*  (list  ca))  )  )) 


d-atrreut 

Zbict  end  Wright  report  thm  t-n  eatsmes  /»  <IOmt  end  deems  mr 
:::  sertrri  hundred  miJstOmt  0-3O  to  -40m  tj  (32  degretsC).  Uowestr,  4-AF  sensitise  tori 
•••  jyymi  which  Am 

;;;  time  constant  oft  fn>  hundred  ms  fa  reponso  to  hype rpoltr  is  ing  pulses  to  -34ms  mddetdp 
:::  ding poor  when  the  clomp  Is  below  -34ms,  to  getting  thm  the  time  centsent  for  looaltmioo 
:::  Is  eery  r*id  for  potent  lets  below  -34mr.  uTHbt  frihtre  to  obstrtt  enp  4-df-sensltlee 
:::  toll  torrents  negmtse  to  -34ms  mggtsts  thm  the  4-AB-mnstttse  trenstent  current 
:::  deoalsmes  serp  rmtdtp  upon  hpperpolerlsntlon.  * 

ttXNU-rOM-e-CUJUUWT 

(defun  aenu-for-a-current  () 

( tv:choose-vartable- values 

’((sgbar-a  *a-current  conductance  [alcro-S]*  :nuaber) 

•  * 

*  X  Variable  Kinetics  • 

•  • 

(*v-half-ax  *V/12  for  a  *  (sb--J0,zw»-45)'  tnuaber) 

(sbaae-rate-ax  'Alpha-base  value  for  a  *  at  VI/2*  muaber) 

(*valence-ax  ’Valence  for  a  x  (sbO.07,zw>a.S)'  muHer) 

(sgaaaa-ax  *(aaa  for  a  x*  :nuaber) 

(*base-txa  ‘Hlnlaua  value  for  tin  constant  [as]*  muHMr) 

mm 

*  V  Variable  Kinetics  * 

•  • 

(*v-ha1f-ay  *V/!2  f or  a  y  (sb*-70,zw*-55)*  muaber) 

( *base-rate-ay  ‘Alpha-bast  value  for  a  y  at  V1/2*  muaber) 

(•valence -ay  'Valence  for  a  y  (sb*4.28,xw*S)*  muaber) 

(*gaHM-ay  'fiaaaa  for  a  y*  muaber) 

(stase-tya  'Hlnlaua  value  for  tin  constant  [h]*  imaber) 

•  • 

))) 

(defvars-a- value 

(■base-txa  1.0)  (sbase-tya  24.0) 

(*v-half-ax  -52.0)  (abase-rata-ax  0.2)  (*velenee-ax  5.5)  (sgaaae-ax  0.5) 
(*v-helf-ay  -72.0}  (*base-raM-ey  0.0015)  (*valence-ay  7)  (*gaaaa-ay  0.4)) 

d-aerrtnt  wMafaai  (mkrterimem) 

(defvar  sgbar-a  .50  ) 

;;;  X-d-UiT 

x-lnf  Is  natsmlon  seriebls  for  A-atrrent  (•  not  confirmed  stpnrid) 

(defun  x-a-1nf  (voltage) 

;Stgri  end  Better :  SogJ,  Kogmeikt,  end  Better  -  s*J.67,skdf*-X 
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;Zbks  and  Weight  -  **iJ.ikdf~4S 

( 1*t  ((•  (alpha  voltage  av-half-ax  abese-rate-ax  *valenct-ax  *gaaaa-ax) ) 
(b  (bcu  voltage  av-half-ax  <basa-rata-ax  avalence-ax  agaaaa-ax) ) ) 
(//  a  (♦  a  b)))) 


y-lnf  is  inactlration  ear  table  for  A-currtnt 
(defun  v-a-(nf  (voltage) 

;Segel  and  Barker;  Serai.  Pogaatki,  and  Barker  -  l*4Ji,tkdf*-70 

(let  ((b  (alpha  voltage  *v-h«lf-ay  abase-rate-ay  *valence-ay  agaaaa-ay) ) 
(a  (beta  voltage  av-helf-ey  abase-rate-ey  *valence-ey  agaoM-ty))) 
(//  a  (♦  a  b) ) ) ) 


tat-A-currens(aattasion)  -  msec  (estimate) 

(defvars-w- value  (*t-x-a-l  3.0)(at-x-a-2  S.0)(*t-y-a-i  5.0)) 

(defun  t-x-a  (Ooptlonal  voltage) 

;Segd  and  Barker:  Segal.  K ogwaAi.  and  Barker.  Measured  from  V-kdding  ■  -70ms  to  steps  i tp  to  -30m* 
;Z  A  W  Probably  more  of  an  estimate.  IjO,  '<  1 0ms". 

(let*  ((a  (alpha  voltage  »v-half-ax  abase-rata-ax  avalenca-ax  aganea-ax)) 

(b  (beta  voltage  »v- half-ax  abase-rate-ax  avalence-ax  agaasa-ax)) 

(tx  (//  aqten-factor-at-30  («  a  b ) ) ) ) 

(If  (<  tx  (*  aqten-factor-at-30  <baae-txa))  (e  aqten-factor-at-30  abaae-txa)  tx))) 


Mm-A-eurrent(lnaetieation)  -  mm 
(defun  t-y-a  <4~— local  voltage) 

:Segai  and  Barker;  Segd.  Jtegawsh.  and  Barker 

;Z  2  W  Supposedly  eery  rapid  bdloo  S4m*(5mi)  -~380  ms  otherwise. 

(lets  ((b  (alpha  voltage  av-half-ay  abase-rate-ay  avalence-ay  sgaaaa-ay) ) 

(a  (beta  voltage  av-half-ay  abase-rate-ay  avalence-ay  *gan«a-ey) ) 

(ty  (//  aqten-factor-at-30  (♦  a  b) ) > ) 

(If  «  ty  (a  aqten-factor-at-30  tbese-tya>)  (a  aqten-factor-at-30  abase-tya)  ty))) 
:::  4-PLOT 

(defvars  *x-a-inf*  ay-a-1nf*  ax-a-effa  ay-a-affa 
«t-x-a«  »t-y-e«  ag-a-1nfa) 

(defun  a-plot  () 

(eenu-for-a-current) 

(setq  avolta*  nil  ay-a-lnfa  nil  »x-e-1nfa  nil  ay-a-eff*  nil  ax-a-effa  nil 
at-x-aa  nil  at-y-aa  nil  ag-e-lnfa  nil) 

(do  ((v  -100.0  (♦  v  0.5))) 

((>  v  50)) 

(aetq 

«y-a-1nf*  (nconc  ay-e-1nf»  (Hat  (y-a-lnf  v))) 
ax-a-lnfa  (nconc  »x-a-1nfa  (llat  (x-a-lnf  v) > ) 
ay-a-effa  (nconc  ay-«.effa  (list  (y-a-eff  (y-a-lnf  v)))) 
ax-a-effa  (nconc  *x-a-eff»  (Hat  (x-a-eff  (x-c-lnf  v)))) 
at-x-aa  (nconc  at-x-aa  (list  (t-x-a  v))) 
at-y-aa  (nconc  at-y-aa  (Hat  (t-y-a  v))) 
avolta*  (nconc  «volts«  (Hat  v)) 

ag-a-lnfa  (nconc  *g-a-1nfa  (Hat  (g-a  1.0  (x-a-1nf  v)(y-a-1nf  v) ) ) ) 

)  )) 

:::  A-COBMINT 

(defun  e-current  (x-i  y-a  v) 

(a  (g-e  (aref  SOMA  gbar-aS)  x-a  y-a)  (•  v  ae-k))) 

;;;  G-A 

(defun  g-a  (  gbar-a  x-a  y-a) 

(a  gbar-a  x-a  x-a  x-a  y-a  )) 

:;;Z-A-Srr.  T-A-IFP 
(defun  x-a-eff  (x-a) 
r  x-e  3.0)) 

(defun  y-e-eff  (y-e) 

<*  y-e  1.#)) 


;;;  Persistant  Slam  Ha  torrent  aeeeeeeeeeeeeeee 

*  t  O 

As  nportsAky  FrtmM  Gsjs.  1913 

;;;  Par  eat  near  tut  iced  ee Os.  St  aft  strata  SeJeerindt  Chubb  and  CriB  (I9SS)  report  Inw 
;;;  Aettsates  within  Bind  mS.  oner  the  range  meamred (-• 70  to  ~-SOmV) 

Aettsates  et  +cut  S-4mV  abate  rest. 

(defvar  sgbar-nap  .01)  :Max.  conductance  [micros],  as  measured  ky  French  end  Gap. 

( defvars -w- value  ( av-hal f-nepx  -40.0)  (aalpha-baae-rata-napx  0.04) 

(abeu-baae-rate-napx  0.04)  (avalance-napx  1.0)  (*QH-napx  0. 30 )( abase- txnap  1.0)) 
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;;;  MENU-F0K-NAP-CU1MENT 
(defun  aenu-for-NaP -current  () 

(tvrchoose-varlable- values 

’((sgbar-nap  “Persistant  Na  current  conductance  [aleroS]*  : nunber ) 

mm 

*  X  Variable  Kinetics  * 

( *v-ha1 f-napx  “V/12  for  Nap  x*  : nunber) 

(aalpha-base-rate-napx  “Alpha/beta-base  value  for  Nap  x  at  VI/2*  : nuaber ) 
( avalence-napx  “Valence  for  Nap  x*  : nuaber) 

(agaaaa-napx  “Gaaaa  for  Nap  x*  -.nuaber) 

(abase-txnap  “Base  value  for  tau  nap  x*  : nuaber))) 

(setq  *beta-base-rate-napx  aalpha-base-rate-napx) 

(aset  sgbar-nap  SOMA  gbar-napt)) 


:::  GBAJt-NAf 
(defun  gbar-nap  (area) 

(a  sgbar-nap-dens  area  1.0e3)) 


(total  oaf-chasm*!  conductance  (micros/ 
.•(ant  Is  la  sg-cm) 


X-NAF-INF 

(defun  x-nap-inf  (voltage) 

(let  ((a  (alpha  voltage  sv-half-napx  aalpha-base-rate-napx  xvalence-napx  agaaaa-napx)) 
(b  (beta  voltage  sv-half-napx  aalpha-base-rate-napx  svalence-napx  agaaaa-napx))) 
(//  a  (♦  a  b)))) 

.'(let  ((aldpolnt  -A9.0)( slope  A. 5)) 

;  (//  1.0  (♦  1.0  (exp  (//  (-  aldpolnt  voltage)  slope)))))) 


;;;  T-X-NAF 

(defun  t-x-nap  (voltage) 

(let*  ((a  (alpha  voltage  sv-half-napx  aalpha-base-rate-napx  svalence-napx  agaaaa-napx)) 
(b  (beta  voltage  av-half-napx  aalpha-base-rate-napx  svalence-napx  agaaaa-napx) ) 
<tx  (//  1.0  (♦  a  b) ) ) ) 

(If  (<  tx  abase-txnap)  abase-txnap  tx))) 

:  (cond  ((>  voltage  0.0) 

:  (a  aqten-factor-at-22  1.0)) 

((>  voltage  -24.0) 

;  (a  aqten-factor-at-22  4.0)) 

;  (t 

(a  aqten-factor-at-22  40.0))))  (afprox.  ltmS - FAC  flgJ 


:::  naf-cujuixnt 

(defun  nap-current  (gbar-nap  x-nap  v) 

(a  gbar-nap  x-nap  (-  v  *e-na))) 

;;;  FLOT-NAF 

(defvars  «x-nap-1nf»  *t-x-nap«) 

(defun  plot-nap  () 

( aenu- f or-nap-current ) 

(setq  ax-nap-lnf*  nil  avoltss  nil  st-x-naps  nil) 

(let  ((dv  .50)) 

(do  <<v  -100.0  (♦  v  dv))) 

((>  v  50.0)) 

(setq  *x-nap-1nf*  (nconc  *x-nep-1nf*  (list  (x-nap-1nf  v))) 
st-x-naps  (nconc  st-x-naps  (list  (t-x-nap  v))) 
•volts*  (nconc  svolts*  (list  v))  )  ))) 


;;;  Fast  ffa-airnnt 


Origtnd  estimates  Tor  tie  faramtters  oftk*  tkn*  conductances  an  dertred  from  stall*  Na  onlf  Sfikt  ncord 
(24  degrees  CJ  and  th*  Na  oalf  rnttltlt*  ncords  (27  degrees  C  tad  32  Atirios  CJ.  AU  Qttn's  an  dertred 
from  a  nftnact  of  24  degrees  C.  Gating  fart  Id*  kt  miles  km*  a  Qt*a  of  3;  conductance  Qua’*  an  tit  to 


(defvar  *g bar -nal -dens  40.0) 

(defvar  *gbar-na2-dens  1) 

(defvar  agbar-na3-dans  35.0) 

(defvar  agbar-Md-dens  20.0) 

(defvars-w-value  (ana-ehoose  3)) 

(defvars-n-value  (av-half-al  -47.0)  ( abase- rate-nl  0.3)  (*valence-a1  20.0)  (aganaa-al  0.50) 
(av-half-hl  -54.0)  (abase-rate-hl  0.003)  (avalence-hl  30.0)  (xgaMaa-hl  0.2) 

(av-half-a2  -5.0)  (abase-rate-a2  0.025)  (avalence-a2  •)  («gaaaa-a2  .95) 
(«v-half-h2  -47)  (xbase-rate-h2  0.0015667)  (*valence-h2  6)  (ageaaa-hZ  0.2) 

(av-half-aS  -34.0)  (abase- rate -m3  0.6667)  (svalence-a3  6.0)  (*gaaae-a3  0.50) 
(av-half-hS  -42.50)  (xbase-rau-h3  0.0023333)  (>va)ance-h3  30.0)  (agaaas-h3  0.17y 


X onAaetaae *  dtnstty,  mSfyfcm-sguand) 
xondnaasec*  Atnsttf.  mSOfcM-iguand) 
XonAactanct  dinsttf,  mSQ’fcsn  -tgugnd) 
(dendrite  ccwdkcjanc*  denjttf.  mS&fcm-sguand) 


(sbese-tal  0.50)(«base-th1  2.0)  (xbase-ta2  5)(abasa-th2  3.00)  (abase-ta3  0.40)(abaae-th3  3.0)) 
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:::  MENU-POK-NA-CUXKENT 

(defun  eenu-for-Na-current  () 

( tv : choose* ver 1 ab 1 e-ve 1 ues 
•(** 

•  nmmnunun  KA  1  CURRENT  ■■iiminiuim' 

mm 

(egbar-nal-dens  *Ne  1  current  conductance  density  (std  >35)  [aS/sq-ca]*  snuaber) 

*  H  Variable  Kinetics  * 

mm 

(ev-half-al  ‘V/12  for  Na  1  a*  snuaber) 

( «base-rate-ai  ‘Alpha-base  value  for  Na  1  a  at  VI/2*  :nuaber) 

(evalence-al  ‘Valence  for  Na  1  a*  snuaber) 

(egana-al  'Eaai  for  Na  1  a*  :nuaber) 

(*base-tai  ‘Nlnlaua  value  of  tlae  constant  [aaec)‘  :nuaber) 

*  H  Variable  Kinetics  * 

mm 

(ev-half-hl  *V/12  for  Na  1  h*  :nuaber) 

(«base-rate-h1  ‘Alpha-base  value  for  Na  1  h  at  VI/2*  snuaber) 

(*va1ence-h1  ‘Valence  for  Na  1  h*  snuaber) 

(egaaaa-hl  *6aaaa  for  Na  1  h*  snuaber) 

(ebase-thl  ‘Nlnlaua  value  of  tlae  constant  [asec]*  snuaber) 

•  • 

•  *******************  na  2  CURRENT  ****************** 

mm 

(*gbar-na2-dens  *Na  2  current  conductance  density  (std  >1)  [aS/sq-ca]*  snuaber) 

mm 

*  N  Variable  Kinetics  * 

mm 

(*v-ha1f-a2  *V/12  for  Na  2  a*  snuaber) 

(«base-rate-a2  ‘Alpha-base  value  for  Na  2  a  at  VI/2*  snuaber) 

(eva!ence-a2  ‘Valence  for  Na  2  a*  snuaber) 

(*gaaaa-a2  'Eaaa  for  Na  2  a*  snuaber) 

(*base-ta2  ‘Nlnlaua  value  of  tlae  constant  [asac]*  snuaber) 

•  • 

*  H  Variable  Kinetics  * 

•  • 

(«v-half-h2  *V/12  for  Na  2  h*  snuaber) 

(*base-rate-h2  ‘Alpha-base  value  for  Na  2  h  at  VI/2*  snuaber) 

(*valence-h2  ‘Valence  for  Na  2  h*  snuaber) 

(«gaaas-h2  *6aaaa  for  Na  2  h*  snuaber) 

(«base-th2  ‘Nlnlaua  valua  of  tlae  constant  (asec)*  snuaber) 

•  • 

•  ******************  na  3  CURRENT  «««»»»«* ********** 

•• 

(«qbar-na3-dens  *Na  3  current  conductance  density  (std  >3S)  [aS/sq-ca]*  snuaber) 
«  H  variable  Kinetics  « 

mm 

(av-half-a3  *V/12  for  Na  3  a*  snuaber) 

(«base-rate-a3  ‘Alpha-base  value  for  Na  3  a  at  Vl/2*  snuaber) 

(«valence-a3  ‘Valence  for  Na  3  a*  snuaber) 

(*gaaaa-a3  *6aaaa  for  Na  3  a*  snuaber) 

(*base-ta3  ‘Nlnlaua  value  of  tlae  constant  [aaec]*  snuaber) 

•  • 

■  H  Variable  Kinetics  * 

mm 

(«v-half-h3  *V/12  for  Na  3  h*  snuaber) 

(>bese-rate-h3  ‘Alpha-base  value  for  Na  3  h  at  Vl/2*  snuaber) 

(*valence-h3  ‘Valence  for  Na  3  h*  snuaber) 

(*qaaaa-h3  ‘Sanaa  for  Na  3  h*  snuaber) 

( abase- th3  ‘Nlnlaua  value  of  tlae  constant  [asec]'  snuaber)) 

'slabel  ‘Standerd-splke  A;  Nal> trigger,  Na2>slou  tall,  NaSarap.*)) 


:::A-M-NA 

(defun  a-a-na  (flea  voltage) 

(cond  ((and  (■  flag  1)(>  ena-choose  3))  (a-a-nal-hlppo  voltage  )) 

((and  (•  flag  2)(a  ena-choose  3))  (a-a-na2-hlppo  voltage  )) 

((and  (•  flag  3)<«  ena-choose  3))  (i-e-na3- hippo  voltage  )))) 

(defun  b-a-na  (flag  voltage) 

(cond  ((and  (■  flag  1 )(■  ena-choose  3))  (b-e-nal-hlppo  voltage  )) 

((and  (•  flag  2)(>  ena-choose  3))  (b-a-na2-hlppo  voltage  )) 

((and  (•  flag  3)(>  ena-choose  3))  (b-e-naJ- hippo  voltage  )))) 

:::A-B-NA 
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(a-h-nal -hippo  voltage  )) 
(a-h-na2-h1ppo  voltage  )) 
(a-h-na3-hippo  voltage  )))) 


(defun  a-h-na  (flag  voltage) 

(cond  ((and  («  flag  1>(»  «na-ehoose  3)) 

((and  (■  flag  2)(»  ana-choose  3)) 

((and  (■  flag  3)<«  ana-choose  3)) 

;;;  B-H-NA 

(defun  b-h-na  (flag  voltage) 

(cond  ((and  (•  flag  1)<»  ana-choose  3))  (b-h-nal -hippo  voltage  )) 

((and  (■  flag  2)(«  ana-choose  3))  (b-h-naZ-htppo  voltage  )) 

((and  (•  flag  3)(«  «ns- choose  3))  (b-h-na3-h1ppo  voltage  )))) 

:::  tt-NA-lNF 

(defun  a-na-lnf  (flag) 

(cond  ((■  1  flag)  (//  *a-«-nal  (♦  *a-a-nsl  *b-a-nal))) 

((■  2  flag)  (//  *e-a-naZ  (♦  aa-a-naZ  *b-a-na2))) 

((•  3  flag)  (//  *a-a-na3  (♦  «a-a-na3  «t-a-na3))))) 

:::  t-u-na 

(defun  t-a-na  (flag) 

(let  ((ta 

(cond  ((•  1  flag)  (//  1.0  (♦  *a-a-nai  *b-a-nal))) 

((■  2  flag)  (//  1.0  («  «a-a-na2  *b-a-na2))) 

((•  3  flag)  (//  1.0  («  M-a-na3  «b-a-na3)))))) 

(*  eqten-factor-at-24  (cond  ((«  1  flag)  (If  (<  ta  ebasa-tal)  *baae-tal  ta)) 

((>  2  flag)  (If  (<  ta  «baae-ta2)  *base-t ml  ta)) 

((■  3  flag)  (If  (<  ta  *baaa-ta3)  «base-ta3  ta)))))) 

H-NA-INT 

(defun  h-na-1nf  (flag) 

(cond  ((■  1  flag)  (//  «a-h-nal  (*  *a-h-nal  *b-h-na1))) 

((>  2  flag)  (//  «a-h-na2  (*  *a-h-na2  »b-h-na2))) 

((•  3  flag)  (//  *a-h-na3  (•  *a-h-na3  <b-h-na3))))) 

:::  T-U-NA 

(defun  t-h-na  (flag) 

(let  ((th 

(cond  ((■  1  flag)  (//  1.0  («  *a-h-nal  eb-h-nal))) 

((•  2  flag)  (//  1.0  («  *a-h-na2  «b-h-na2))) 

((•  3  flag)  (//  1.0  («  aa-h-naS  «b-h-na3)))))) 

(*  *qten-factor-at-24  (cond  ((■  1  flag)  (If  «  th  «baae-thl)  *base-thl  th)) 

((■  2  flag)  (If  (<  th  abase- th2)  aba»e-th2  th)) 

((•  3  flag)  (If  «  th  abase- th3)  abase-th3  th)))))) 

CtAJt-NA 

(defun  gbar-na  (flag  area)  ,1otd m-ekwutd rnadbrfeane (mlcn>S) 

(a  aqten-g-24  (cond  ((»  1  flag)  (a  agbar-nal-dens  area  1.0e3)) 

((>2  flag)  (*  «gbar-na2-dens  area  1.0e3)) 

((•  3  flag)  (a  agbar-na3-dens  area  1.0e3))))) 


:::  GBAJt-NAD 

(defun  gbar-nad  (area)  rtotd dttUrltt ma-ckaxml condktctutct (microS) 

(a  agbar-nad-dens  area  1.0e3)) 

:::  WHEN  EDITING  FOWE AS  OF  GATING  PAXTICLSS.  ALSO  EDIT  AFFEOFEIA1E  M-EFF  AND  U-EFF  FUNCTIONS 
:::  NA1-CUEMENT 

(defun  nal -current  (gbar-na  a-na  h-na  v)  (a  (g-nal  gbar-na  a-na  h-na)  (-  v  aa-na))) 

;;;  G-NAJ 

(defun  g-nal  (gbar-na  a-na  h-na)  (*  gbar-na  a-na  h-na  h-na)) 

:::  U-EFF-NA1,  U-EFF-NAJ 

(defun  a-eff-nai  (a-na)  (*  a-na  1.0)) 

(defun  h-eff-nal  (h-na)  (*•  h-na  2.0)) 


:::  NAKVMMENT 

(defun  na2-current  (gbar-na  a-na  h-na  v)  (a  (g-naZ  gbar-na  a-na  h-aa)  (•  v  *e-M))) 
;;;  G-NA2 

(defun  g-na2  (gbar-na  a-na  h-na  )  (a  gbar-na  a-na  h-na)) 

:::  u-eff-naj.  b-eff-naj 

(da fun  a-eff-naZ  (a-na)  (*  a-na  1.0)) 

(da fun  h-aff-na2  (h-na)  (*•  h-na  1 .0)) 


;;;  NAJ-CUXXENT 

(defun  na3-current  (gbar-na  a-na  h-na  v)  (a  (g-nal  gbar-na  a-na  h-na)  (•  v  aa-na))) 
::;G-NAS 
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(defun  g-na3  (gber-na  *-n«  h-na)  (*  gbar-na  *-n*  n-na  h-na  h-na  h-m  )) 

M-EFP-NA3,  H-XFF-HA3 
(dafun  n-eff-na3  (o-na)  (*  a-na  2.0) > 

(dafun  h-«ff-n«3  (h-na)  (*  h-n*  3.0)) 


;;;  Gomric  M a  Klmtkt  •••••*•  tide  functions  on  from  Trmtb  ot  d. 
(dafvar  *e-ref-na  70.0) 

(dafvar  faraday  9.6SC4)  .■Cvmet 

(dafvar  tanperaturel  290.0)  :dtrr*tt  Kthln 

(dafvar  It  0.31)  :J$md*K 


A-M-NA1 -HIPPO 
(dafun  a-o-nal-hlppo  ( voltaga) 

(alpha  voltaga  *v-half-n1  abase-rate-al  avalence-ai  >gaaa-il)) 

B-M-HA1 -HIPPO 
(dafun  b-n-nal-hlppo  (voltaga) 

(bata  voltaga  av-half-ul  abase-rata-ai  *valanca-al  agaana-ai)) 


A-H-NA1 -HIPPO 
(dafun  a-h-nal-hlppo  (voltaga) 

(bata  voltaga  av-half-hl  *baie-rat*-hl  *valenc«-h1  xgaaaa-M)) 

;;;  B-H-NA1 -HIPPO 

(dafun  b-h-nal-hlppo  (voltaga) 

(alpha  voltaga  av-half-hl  *base-rate-hi  avalence-hi  agaaaa-hl ) ) 

:::  A-M-HA2-HIPPO 

(dafun  a-n-na2-h1ppo  (voltage) 

(alpha  voltaga  *v-ha1f-a2  *base-rate-u2  «va1anea-o2  *gaana-n2)) 

;;;  B-H-NA3-H1PPO 

(dafun  b-o-na2-h1ppo  (voltaga) 

(beta  voltaga  *v>half-o2  *base-rata->2  *valenca-o2  aganna-n2)) 

:::A-B-HA2-mrro 

(dafun  a-h-n*2-h1ppo  (voltaga) 

(bata  voltaga  *v>ha1f-h2  *base-raU-h2  «valenea-h2  aganna-h2)) 

B-H-NA2-HIPPO 
(dafun  b-h-na2-h1ppo  (voltaga) 

(alpha  voltage  av-ha1f-h2  *base-rau-h2  *va1anco-h2  agaaaa-hl)) 

:::  A-H-NA3-HIPPO 

(defun  a-n-na3-htppo  (voltage) 

(alpha  voltage  «v-half-«3  *baae-rata-o3  avalence-n3  <gaaoa-o3)) 

:::  b-h-nai-hippo 

(defun  b-n-n*3-h1ppo  (voltage) 

(bata  voltaga  av-half-n3  *basa-rata*o3  *valence-n3  igaw>(3)) 

:::  a-h-haj-hippo 

(dafun  a-h-na3-h1ppo  (voltaga) 

(bata  voltage  *v-half-h3  *ba**-rata-h)  *valance-h3  *gaaa-h3) ) 

B-H-NAI-HIPPO 

(defun  b-h-na3-htppo  (voltage) 

(alpha  voltage  *v-half-h3  «ba>a-rata-h3  *vi lance -h3  ag— a-h3) ) 


:::  MAJ-PCOT,  NAJ-PLOT.  NAJ-PLOT 
(dafvar*  w- Inf  la  at-hla  «h-1nf1*  at -ala 
no-lnfla  n-«»  «h-1*f2*  et-u2a 
*»-1nfl*  *t-hl*  «>1ifH  *t-«ia 
■volu*  ag-nal-lnf*  ag-naZ-Infa  *g-na3-tnfa 
»*offia  u-effia  m-tfru  d-affli  «-iffX  U-eff3a) 

(dafun  nal -plot  () 

(aanu-for-na-currant) 

(aatg  an-lnfia  nil  *t-a1*  nil  U-Infla  nil  *t-hl*  nil  ag-nat-lnfa  nil  avolua  nil  U-effia  nil  a»-orna  nil) 
(doa  «v  -100.0  («  v  .00)) 

(n)(b)> 

((>  v  00.0)) 

(onto  aa-e-nal  (a-*- a*  1  v)  «0-o-m1  (b-o-M  1  v) 
aa*h*nal  (a-h*na  1  v)  «b-h-Ml  (b-h-na  1  v) 

■  (a-M-1nf  1)  h  (h*na*1nf  1) 
avolua  (neohe  avolua  (list  v)) 

U-Infia  (nconc  u-lnfia  (list  ■))  ah-mfia  (scene  U-Infia  (list  h)) 
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»-eff1*  (nconc  an-affl*  (Hit  (a-eff-nai  ■)))  sh-effl*  (nconc  *h-eff1*  (list  (h-eff-nal  h))) 
*g-na1-1nf*  (nconc  sg-nal-lnf*  (11*t  (g-nal  1.6  (a-na-tnf  1)(h-na-1nf  1 ) ) ) ) 

*t-ai*  < nconc  *t-al*  (llat  (t-a-na  1)))  #t-hl*  (nconc  *t-hl*  (Hat  (t-h-na  1)))))) 


(defun  naZ-plot  () 

(aanu-for-na-cu  front) 

(aato  *a-lnf2*  nil  *t-a2*  nil  *h-1nf2*  nil  *t-h2*  nil  *g-na2-1nf*  nil  *volts«  nil  *h-eff2*  nil  *»-eff2*  nil) 
(do*  ((v  -100.0  (♦  v  .SO)) 

(a)OO) 

((>  v  50.0)) 

(aatq  *a-a-na2  (a-a-na  2  v)  *b-a-na2  (b-a-na  2  v) 

M-h-na2  (a-h-na  2  v)  *b-h-na2  (b-h-na  2  v) 
a  (a-na-lnf  2)  h  (h-na-lnf  2) 

*volta*  (nconc  avolta*  (Hat  v)) 

*^1nf2*  (nconc  *»-1nf2*  (Hat  a))  *h-1nf2*  (nconc  *h-1nf2*  (Hat  b)) 

*»-*ff2*  (nconc  *»-eff2*  (Hat  (a-eff-na2  a)))  «h-eff2*  (nconc  *h-eff2*  (Hat  (h-eff-na2  h))) 
*g-na2-1nf*  (nconc  *g-na2-1nf*  (Hat  (g-na2  2.0  (a-na-1nr  2)(h-na-lnf  2)))) 

*t-a2*  (nconc  *t-a2*  (Hat  (t-a-na  2)))  *t-h2*  (nconc  *t-h2*  (Hat  (t-h-na  2)))))) 


(dcfun  na3-p1ot  () 

(aanu-for-na -current) 

(aatq  «e-1nf3*  nil  *t-a3*  nil  *h-tnf3*  nil  *t-H3*  nil  *g-na3-1nf*  nil  cvolta*  nil  *h-cff3*  nil  nil) 

(do*  ((v  -100.0  (♦  v  .50)) 

(a)(h)) 

((>  v  50.0)) 

(aatq  *a-a-na3  (a-a-na  3  v)  *b-a-n*3  (b-a-na  3  v) 

*a-h-na3  (a-h-na  3  v)  *b-h-na3  (b-h-na  3  v) 
a  (o-na-lnf  3)  h  (h-na-lnf  3) 

•volts*  (nconc  *vo)U*  (Hat  v)) 

aa-1nf3*  (nconc  *a-1nf3*  (Hat  a))  *h-1nf3*  (nconc  *h-1nf3*  (Hat  h)) 

«a-cff3*  (nconc  *a-eff3*  (Hat  (a-aff-na3  a)))  *h-*ff3*  (nconc  *h-aff3*  (Hat  (h-cff-na3  h ) ) ) 
*p-na3-1nf*  (nconc  *g-na3-1nf*  (Hat  (g-na3  3.0  (a-na-1nf  3)(h-na-1nf  3)))) 

*t-a3*  (nconc  *t-a3*  (Hat  (t-a-na  3)))  *t-h3*  (nconc  *t-h3*  (Hat  (t-h-na  3)))))) 


:::  SOHATK  AND  BENDKITIC  C*-CUHM£NT 


(dtfvar  *gbar-Ca-dcna  90.0)  /coadfcraao*  it  tatty.  mS^fcm-tnmrti) 

(dcfvar  *gbar- Cad- dens  20.0)  ;dt*drin cotAuattct  ittatry,  mS^(cm-trttrtd) 

(dcfvar  abase-tsca  2.0) 

(dtfvar  *baac-t»fca  3.0) 

(defvart-w-value  (*v-ha1f-a  -2a .0)  (*basa-rate-s  .10)  (*va1anca-a  0.0)  (*gaana-t  0.5) 

(*v-half-w  -35.0)  (*base-rate-w  0.001)  (*valence-w  12.0)  (sgaana-w  0.2)) 


(dcfvar  *gbar-ca) 


:::  MSNU-FOM-CA-CVXKSNT 

(defun  «enu - f or -Ca- current  () 

( tv: choose- variable- valuta 

’( ( *gbar-Ca-dcna  *Ca  currant  conductance  dtnalty  [aS/sq-ca]*  inuabar) 

•  • 

*  3  Variable  Kinetic*  * 

mm 

(*v-ha1f-a  *V/12  for  Ca  a*  inuabar) 

(*baae-rate-a  'Alpha-base  value  for  Ca  a  at  VI/2*  inuabar) 

(*va1ence-a  'Valence  for  Ca  a*  inuabar) 

(*gaaaa-s  '(aw  for  Ca  a*  inuabar) 

(tbaaa-taca  'Rinlaua  value  af  activation  tlaa  constant  [aaac]*  inuabar) 

•  • 

*  M  Variable  Klnatlca  ■ 

mm 

(av-half-w  *V/12  for  Ca  w*  inuabar) 

(abaaa-rata-w  'Alpha-base  value  far  Ca  a  at  Vl/2*  inuabar 

idocuaantatlon  'Increaae  aakea  gating  particle  f cater*) 
(■valance -w  *Va lance  far  Ca  v*  inuabar) 

(*gaaaa-w  'Sanaa  for  Ca  v*  inuabar) 

(*baae-tMca  'Hlnlaua  value  af  Inactivation  tine  constant  [aaac]*  inuabar))) 
(aatq  *gbar-ea  (gbar-ca  (aurf-araa  *aoaa-radlus)))) 


m  K1-I-CA 

(defun  kl-s-ca  (voltage) 

(alpha  voltage  *v-ha!f-a  *basa-rata-s  evalonca-a  *gaana-a) ) 


ui  K2-S-CA 

(da fun  k2-a-ca  (voltage) 


287 


(beta  voltage  *v-half-»  sbesa-rate-s  *valence-s  sgam-s)) 
;;;  A-N-CA 

(defun  a-v-ca  (voltage) 

(beta  voltage  «v-helf-w  *base-rate-w  *v«lence-w  sgaaaa-w)) 
;;;  B-W-CA 

(defun  b-«-ca  (voltage) 

(alpha  voltage  *v-hal f-w  sbase-rate-w  evalence-w  sgaaaa-w)) 


;;;  taNU-FOK-CAD-CUXAXNT 

(defun  aenu-for-Ced-current  ( DENMITE- AMAY  segaent) 

(let  ((label  ( foraet  nil  *Ca  current  conductance  density  (n  -A  segaent  -2d  [aS/Zso-ca]* 

(aref  OCNMITE-AMAY  0  label!)  (♦  1  segaent)))) 

( tvichooee-var table- values 
M(*flttr*cida(kfH  jcbtl  tiuiriMr))) 

(aset  (s  (aref  OENMITE-AMAV  segaent  length!)  3.1*159  (aref  OENMITE-AMAY  segaent  dlaaeter!) 
l.Oe-B  *gbar- cad- dans) 

KNMITE-AMAV  segaent  gbar-ca!))) 


;;;  GMAM-CA 

(defun  gbar-Ca  (area)  .‘tetd Ge-«Ae>ae{ comfecrenee  (miercS) 

(*  sgbar-Ca-dens  area  1.0e3)) 

;;;  G MAM-CAD 

(defun  gbar-Cad  (area)  notd itmirit* Cr tkmmd roaArzeare (mleroS) 

(*  sgbar-Cad-dens  area  1.0e3)) 


:;:S-CA-mr 

(defun  s-ca-1nf  (v) 

(//  (kl-s-ca  v)  (♦  (ki-s-ca  v)(k2-s-ca  v) ) ) } 

;;;  TS-CA 
(defun  t-s-ca  (v) 

(let  ((tau  (//  1.0  (*  (kl-s-ca  v)(k2-s-ca  v) )))) 

(*  *qtan-fector-at-32  (If  «  tau  *basa-uca)  sbasa-taca  tau)))) 

:::  w-CA-urr 

(defun  w-ca-lnf  (v) 

(//  (a-w-ca  v)  (•  (a-v-ca  v)(b-w-ca  v) ) ) ) 


(defun  t-w-ca  (v) 

(let  ((tau  (//  1.0  (•  (a-w-ca  v)(b-w-ca  v))))) 

(*  *qten-factor-at-32  (If  «  tau  ebase-twea)  sbasa-taca  tau)))) 

;;;  CA-CUMXKNT 

(defun  ca-current  (gbar-ca  s-ca  w-ca  v) 

(*  (g-ca  gbar-ca  s-ca  w-ca) 

(-  v  (e-ca)») 

;;;  G-CA 

(defun  g-ca  (gbar-ca  s-ca  w-ca) 

(If  «  w-ca  0.001)  (seta  w-ca  0.0)) 

(s  gbar-Ca  s-ca  s-ca  w-ca  w-ca  w-ca  w-ca)) 

:::S-CA-m  W<A-MTT 
(defun  s-ca-eff  (s-ca) 

(If  «  s-ca  0.001)  0.0 
(~  s-ca  2.0))) 

(defun  w-ca-eff  (w-ca) 

(If  «  w-ca  0.001)  1.0 
r  w-ca  4.0))) 

:::  CA-MjOT 

(defvars  sa-ca-tnf*  sw-ca-lnfs  as-ca-effe  sw-ca-eff* 
n-s-ca*  n-w-ca«  ag-ca-lafa) 

(defua  ca-plot  () 

( Mm-  far -ca-current ) 

(setq  svoltss  all  ew-ca-lnfe  all  es-ea-lnfa  nil  swea-effs  all  as-ca-affs  ail 
•t-s-cae  all  et-w-cae  nil  sg-ca-1nfa  all) 

(do  ((v  -100.0  («  v  0.5))) 

«>  v  80)) 

(i«tq 

sw-ca-lnf*  (acoac  sw-ca-lnfs  (list  (wca-laf  v) ) ) 
ss-ca-lafs  (acoac  ao-ca-lafa  (list  (s-co-fnf  v) ) ) 

*w-ea-eff*  (acoac  «w-ca-eff*  (list  (w-ca-eff  (w-ea-lnf  v)) > ) 
as-ca-offe  (acoac  as-ca-offe  (list  (s-ca-eff  (s-ca- Inf  v)))) 

•t-s-ca*  (acoac  at-s-ca*  (list  (t-s-ca  v) ) ) 

■t-w-ca*  (acoac  st-w-ea*  (list  (t-w-ca  v))) 

•volts*  (acoac  ovoltae  (list  v)) 
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sg-ca-lnf*  (nconc  *g-ca-1nfs  (list  (g-ca  1.0  (s-ca-lnf  v)(w-ca-lnf  v) ) ) ) ) ) ) 


:::  Perdstant  Ctdctum  Current 

Cejtew  current  at  reported  by  Joknacn,  Nabiltx.  end  Wilson. 

Y:;Pr«m  dertring  the  IP  turn*  of  MAW,  It  It  determined  that  this  current  It  At*  to  a  non-lnacltratlng  Inward 
ear  rout  with  a  mortal  potential  around  Om  V.  Thu  It  It  andear  at  to  what  tpoetat  art  actually  cempridng  thit 
.7 tear rant, 

:::  E-CAS  Emplrlcdlyde/ired  monad  potential  for  the  so-called  dew  "Ca’ current. 

(dtfvar  M-Ui  0) 

;;;  coadhctauca  In  micro- Una  ant 
(dtfvar  sgbar-cts  .OM) 

:::  T-X-CAS  That  constant  for  acttretlon  -  ranges  between  SO  and  100  mt. 

(dtfun  t-x-cu  (volttgt) 

(Ignore  voltsgt) 

75.0) 

:::  X-CAS-INP  Steady  state  r atua  for  the  acttretlon  reliable. 

(dtfun  x-cas-1nf  (volttgt) 

(lot  ((aldpolnt  -30.0)(stttpness  3.M)) 

(//  1.0  (♦  1.0  (txp  (//  (•  aldpolnt  volttgt)  stttpntu)))))) 


.v;  CAS-CUXXENT 

(defun  cas-currtnt  (x-cas  volttgt) 

(s  sgb«r-cai  x-cts  (-  volttgt  *t-cas))) 


;;;  CAS-PLOT 

(dtfvtrs  sx-ctt-lnfs  st-x-cts>) 

(dtfun  css-plot  () 

(otto  sx-cat-1nf«  nil  svoltss  nil  st-x-ctts  all) 

(do  ((v  -100.0  (♦  v  0.5))) 

((>  v  50.0)) 

(st to  sx-ctt-lnfs  (nconc  sx-cas-lnf*  (list  (x-eas-lr !  v))) 
st-x-ctts  (nconc  st-x-etts  (list  (t-x-cas  v))) 
svoltss  (nconc  svolus  (list  v))  )  )) 


:::  Ca**  SHELL  CONCENTRATION  AND  Ca**XEVEXSAL  POTENTIAL  SYSTEM 

Y::’ InttttOy  we  w0  use  a  simple  description  of  Ca**accumulattoa  In  a  thin  dutiful  underneath  the  eati 

membrane.  Thu  modal  will  Include  the  contribution  of  the  totdCa**eurrentt  (trandent  and  dme).  and  the  flrtt 
order  remord  ofCa**rle  tome  combination  of  diffiuton  and® or  binding  that  U  expressed  with  a  Angle  me 
;;;  constant.  This  treatment  U  modelled  after  Traub  and  titans. 

New  * arston  with  two  concentric  shells  - 

;;;  [ Ca**J  de-dot m{E* (mm  ofCe**eurreats)}  -  { ([Ce**Jdi- fCe**fthl)4>  t-cn-coac  l 
;;;  [Ca+*j ski-dot «  f  (( Ca**Jth2  -  [Ca**Jth) 3>  t-ca-cenc  }-  f  [C e**JthlQ>  tl-cee-coen  / 

(dtfvar  sfartdty  9.640*4)  .•Ceulemb&moie 

(dtfvar  at  0.314)  Nias  constant  -  (PdUtdCaulombsf$(DtgrentKatrlaAm da) 

(dtfvar  scort-canc  50.0* -8)  paM 

(dtfvar  »ca-cooc-sh*111-r*st  50.0t-8) 

(dtfvar  sca-conc-aln113-rost  SO.Ot-C) 

(dtfvart-w-valut  <*ah*n -depth  0.35)  pakmu 

(scort-veluat  (*  4.0  3.1415  stoat-radius  stoat-radius  stoat-radius  1 .Ot-12))  .-robust  of  tare  In  ml 

(sticks -snail -shall  z.tOa-11)  '.Modified PkXt oonttam between jhaBt, m‘S®auoc 

(stlcks-shell-cort  4.0*- 7)  ;Pkts  conetent  between  shells  and  core.  a&Vmm 

(salpha-slMlI  O.OOD)  ttraetton  of seme  mad  assigned  to  dtet  l 

dafvars-w-valua  (ath«111-vo1 

(t  sshtll-dopth  1.33333  3.1415  1. Ot-12 

stoaa-rtdiut  stoat-radius  sshtlll-shtllZ-ratle))  pheti!  redamatnnd 
(stht112-vo1 

(t  sthall-dapth  1.33335  3.1415  1.0O-13 

stoaa-rtdiut  ttaaa-radlM  (•  1.5  *sh*11l-sh*113-ratlo))))  phett  2  realm  t  St  ml 

(dtfun  ca-conc-sHtll-dot  ( total -ca-currant  thtlll-coac  sht  112 -cone)  ;Now rerdon fbr two duttt. 

(t  sdt  (♦  (//  (a  -i.o  total-ca-eurrsat  l.0t-0) 

(a  3.0  sfartdty 
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■shell-depth  l.0e-4 

*sana-rad1u*  Moan-radtui  1.3333  3.14159  1  .Oa-t  telphe-shell)) 

(//  (a  tFlcks-shell -shell  (•  ahal 12 -cone  shelll-conc  )) 

(a  ashell -depth  1.0a-« 

asoaa-radlut  **on«-rad1ui  1.3333  3.14159  1 ,0a -8  aalpha-ahall)) 

(//  (<  *F1cks-she1 1-core  (•  acora-conc  ahalll-conc)) 

(a  aahall -depth  l.0a-4))))) 

(da fun  ca-conc-ahal 12-dot  (ahalll-conc  thell2-conc) 

(a  adt  (♦  (//  (a  af icka-ahell-ahall  (•  ahalll-conc  she) 12 -cone  )) 

(a  Mhtll -depth  1.0a-4 

aaoaa-radlua  aaoaa-radlua  1.3333  3.14159  1.9a-t  (-  1.0  aalpha-ahall))) 
(//  (a  aFlcka-ahall-cora  (•  acora-conc  aha112-conc)) 

(a  aahall -depth  1.0a-4))))) 

(defun  e-ca  () 

(a  .04299  (♦  ataaparatura  273.0)  (log  (//  ace -cone -extra  (aref  SOU*  ca-conc-ahal It))))) 


■ftor-iy 


(defun  plot-lv  () 

(setq  aiv-currenta  nil  aiv-vo1tage<  nil) 

(aanu-for-sona-geonetry-and-passlve-coaponents) 

(aenu-for-soae-currents ) 

(do  ((voltage  -00.0  <♦  voltage  O.S)))((>  voltage  50.0)) 

(let  ((voltage- Index  (•  1000  (flxr  (a  io  voltage))))) 

(aetq  a(v-currantx 

(nconc  aiv-current* 

(Hat  (♦  (If  *1nc1ude-dr  (dr-current  (art f  x- dr- Inf -array  voltage-index)  1.0 

.1*nf y-dr-taf-vtr  roiltfr  inatx) 
voltage)  0) 

(If  aincluda-c  (e-current  (araf  x-c-lnf-array  voltage- Index) 

(aref  y-e-lnf-arrey  voltage-index)  voltage)  0) 

(If  ainclude-q  (a  (aref  SOMA  gbar-qS)(aref  x-q- Inf-array  vo1taga-1ndex)(-  voltage  *#• 


)  0.0) 


k) 


) 


(If  <1nc1ude-e  (a- cur  rent  (aref  x-*- Inf-array  voltage- Index)  voltage)  0 
(If  ainclude-a  (a- currant  (araf  x-a-tnf-array  voltage-index) 

(araf  y-a-lnf-array  voltage-index)  voltage)  0) 

(If  ainclude-nal  (nal- current  (aref  SOMA  gbar -nail) (aref  o-nal-lnf-array  voltage-index) 

(araf  h-nal-lnf-array  voltage-index) 
voltage)  0) 

(If  aincluda-na2  (na2-current  (aref  SOM  gbar-na2S)(aref  a-na2- Inf -array  voltage-index) 

(araf  h-na2-1nf-array  voltage-index) 
voltage)  0) 

(If  a(nclude-na3  (na3-currant  (araf  SOM  gbar-na3S)(aref  a-na3- Inf-array  voltage- Index) 

(araf  h-na3- Inf -array  voltage-index) 
voltage)  0) 

(If  «1nclude-nap  (nap-currant  (araf  SOM  gbar-napS)  (aref  x-nap- Inf -array  voltage- index 

voltage)  0  ) 

(If  *1nclude-ca  (ca- current  (aref  SOM  gbar-caS)(araf  a-ca-lnf-array  voltage- Index) 

(araf  v-ca-lnf-array  voltage- Index)  voltage)  0  ) 

(If  elncluda-ca*  (caa- currant  (araf  x-caa-lnf-array  voltage -Index)  voltage)  0) 
(1-currant  voltage) 

(If  elncluda-ahunt  (a  *g-electrode  voltage)  9) 

(-  *1-conatant-1n lection)))) 
civ-voltage*  (nconc  *1v- voltage*  (llat  voltage))  )  ))) 
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